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ABSTRACT 


A determination of the magnetic saturation induction of iron at room tempera¬ 
ture has been made, using a modification of the Ewing isthmus method. Specimens 
were taken from several ingots of iron of exceptional purity prepared at the 
Eational Bureau of Standards. Corrections were made for the effect of the small 

,° f im P ur J*jes present, and care was taken to minimize systematic and 
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The determination of the magnetic-saturation value of iron at 
room temperature reported in the present paper was undertaken as 
part of a more extensive program initiated some time ago by the 
Division of Metallurgy of the National Bureau of Standards for the 
purpose of investigating the fundamental properties of pure iron. To 
this end, Thompson and Cleaves [1] 1 prepared several ingots of 
exceptionally pure iron. This material compares favorably with any 
previously produced, not only with respect to purity but also with 
respect to the accuracy to which the amounts of the impurities have 
been determined. The preparation and analysis of the material are 
iuny described m the paper cited above. The total amount of impuri¬ 
ties out of 55 elements sought was of the order of 0.01 percent, of which 
carbon did not exceed 0.001 percent. 

Ten of the ingots were selected as being representative of the maxi¬ 
mum range of impurities, both with respect to the total amount and 
with respect to individual impurities, and magnetic test specimens 
were prepared from these ingots. Data on the compositions of the 
individual ingots are given in table 1. 


1 Numbers in brackets indicate the references at the end of the paper. 
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Table 1 . —Composition of ingots 


Ingot 

Impurities 

number 











Be 

c 

Cu 

H, 

n 2 

Oj 

S 

Si 

Total » 


% 

% 

% 

% 

% 

% 

% 

% 

% 

3.. 

<0.001 

0.001 

<0. 002 

0. OOOl 

0. 000* 

0. 000# 

0. 002c 

0.003 

<0. Olli 

6... 

<.001 

<.001 

<.002 

. 000a 

.OOOj 

.004s 

.001* 

.001 

<.011j 

i _ 

nil 

<.001 

<.002 

.OOOj 

.OOOl 

. 002 0 

. 002i 

.001 

<.008# 

8.. 

nil 


<.002 

.000* 

. OOOo 

. 003j 

.001o 

.001 

<• 008# 

12_ 

nil 

<.001 

<.002 

.OOOi 

.0005 

.001« 

.001a 

.002 

<. 008* 

13_ 

nil 

<.001 

<.002 

. 00Ci 

.0003 

. 004o 

.0024 

nil 

<.010* 

14. 

nil 

.001 

<.002 

.OOOi 

.000a 

. 002o 

.001i 

0. 002 

<.008# 

18. 

Dll 

.001 

<.002 

.OOOj 

.000i 

.000« 

■ *c- * l 

.001i 

nil 

<.008* 


C _j ^ ^ ^ in the individual ingots, based on average amounts 

found in other ingots. 


II. PREVIOUS DETERMINATIONS 

The first magnetic measurements with very strong fields were made 
in 1889 by Ewing and Low [2], who reported a saturation induction 
of 21.36 kilogausses for a sample of wrought iron of unspecified purity. 
They used their now well-known isthmus method. Since that time 
several values have been reported, ranging from 21.26 to 22.58 kilo- 
gausses. This range of about 6 percent may be attributed partly to 
inaccuracies in measurement and partly to the effect of impurities in 
the materials. Apparatus and experimental technique have been 
improved, and the effects of various common impurities have been 
determined, so that recent values are in much better agreement. 

In 1918 Gumlich [3] reported a value of 21.62 kilogausses, which for 
several years was the most generally accepted figure. He used a 
yoke-isthmus method and corrected for the effect of certain im- 
P^ties. Three later investigations carried out in different countries 
and by different experimental methods yielded results differing very 
little from that given by Gumlich. In 1926 Honda and Kaya [4] 

“ P®?’ irking with single crystals of iron, obtained a value of 

21 o8 kilogausses. In 1929 Weiss and Forrer [5] in France, using small 
ellipsoids magnetized between the poles of an electromagnet, obtained 
a value ot 21.56 kilogausses, assu m i n g a density of 7.878 g/cm 3 . 
The latest report comes from the Physikalisch-Technische Reichsan- 
stait, in Germany, where, in 1937, Steinhaus, Kussmann, and Schoen 

21 'f 8 ^ ±0 i-. 0 } kilogausses. They used a somewhat 
modified form of Gumlich’s yoke-isthmus method and corrected 

for the effect of impurities. Their value also is based on a density 
for pure iron of 7.878 g/cm 3 . J 

* 

III. METHOD AND APPARATUS 

k? t j ie Present investigation, a method based upon the isthmus 
metnod oi It wing and Low [2] was adopted, because by this method 
magnetizing forces up to 10,000 oersteds can be applied with a moder¬ 
ate expenditure of power and without undue heating of the specimen. 

. urehemiore, the space within which the magnetizing field is measured 
is easily accessible, so that its uniformity can readily be investigated 

ine apparatus employed was the High-H permeameter [71 with 
special pole pieces and test coils. The arrangement of the pole pieces 
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and test coils is shown in figure 1. Extension pieces, E, on which 
are screwed the pole pieces, P, are inserted in the poles, C, of the 

permeameter. The pole pieces and extensions are drilled axially to 
permit the insertion of the specimen, S. 

The magnetic circuit is completed by two large laminated U-shaped 
yokes (not shown) The main magnetizing cods, M, surround the 
P°^> nut there are some additional windings on the yokes. 

• 1 e f s > rstel 1 n > T, consists of five concentric and coaxial 

coils of 200 turns each of No. 44 AWG enamel-covered copper wire 



Figure 1 .— Arrangement of pole pieces and test coils. 


°a- hard - rubber forms. The cods are 2 mm lone: Their 
effective ^meters, as determined from values of area-turns, are 7 22, 

lu.ob, 13.52 and 15.78 mm, respectively. These dinmptprQ 
correspond to distances of 0.61, 0.92, 2.43, 3.76 and 4 89 mm re 
spectively, from the surface of a specimen 6 mm in diameter ’ Bv 

SStic 0 ialvflnom 0r t SWltch ’ 11 is P° ssible to connect these coils to 1 
Dauwtic galvanometer m any one of several combinations 

30 seconds TP a r me , ter a natural P eriod of approximately 
U seconds. The external resistance for critical damping is about 
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40,000 olims. However, since the external resistance is generally 
less than 200 ohms, the galvanometer performance closely approxi¬ 
mates that of a fluxmeter. The sensitivity is adjusted in the usual 
way, using a mutual inductor, standard resistor, and potentiometer. 
The precision with which the galvanometer deflections can be read 
is greatly improved by lenses mounted in front of the galvanometer 
scale. 

IV. CALIBRATION AND ADJUSTMENT 

The accuracy usually claimed for the results obtained in the deter¬ 
mination of the magnetic saturation value of iron is of the order of 
0.05 percent. In view of the fact that an accuracy of 1 percent is 
considered to be very good for ordinal measurements of the mag¬ 
netic properties of materials, it is obvious that in order to achieve an 
accuracy of 0.05 percent, it is necessary to take unusual precautions 
and to consider some sources of error which generally can be ignored. 
This is particularly true with respect to systematic errors, which can 
not be minimized by averaging the results of several observations. 

The final accuracy of any measurement involving the deflections of 
a ballistic galvanometer depends directly upon the accuracj^ to which 



Figure 2. —Connections for the comparison of mutual inductors. 


the value of the mutual inductor used for calibration is known. It is 
difficult by the usual methods of measuring mutual inductance to ob¬ 
tain an accuracy much better than 0.1 percent. This obviously would 
be inadequate for the present purpose. Fortunately, there was avail¬ 
able a mutual inductor constructed by the Resistance Measurements 
Section of this Bureau for use in connection with the determination of 
electrical resistance in absolute measure. Its value is known to 20 
parts in a million, or 0.002 percent. The mutual inductors used for 
the calibration of the ballistic galvanometer were measured by com¬ 
parison with this standard by the method indicated in figure 2. M x 
and M 2 are the mutual inductors to be compared, of which M l must 
have the greater value. The primary coils are connected in series to 
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the battery through a reversing switch, rheostat, and ammeter. The 

secondary coils are connected in opposition, as shown. f?, and R 2 arc 

calibrated precision rheostats and are adjusted to such values that 

there is no residual deflection of the galvanometer upon reversal of 

the primary current. When balance is obtained, the value of Al 2 in 
terms of M,, is 




The resistance of M t and its connections must be included in the value 
of R 2 . The usual precautions against the effect of stray fields were 
taken by separating the two inductors by some distance and so orient¬ 
ing them as to avoid interaction between the primary of one inductor 
and the secondary of the other. 

The accuracy attainable by this method depends upon the magni¬ 
tude of the inductances, their ratio, the accuracy to which the resis¬ 
tances Ri and R 2 are known, and the sensitivity of the galvanometer. 
In the present work, calibrated precision rheostats were used, and set¬ 
tings were made, using different combinations, so as to average out 
any residual errors in the values of resistance. It is estimated that 
in this way the values of the inductors used in calibrating the ballistic 
galvanometer were determined to within 0.01 percent. These values 
are based on the present international electrical units. 

The values of area-turns of the test coils were determined in a sim¬ 
ilar manner by placing the coils in a solenoid whose constant had been 
determined by comparison with a standard single-layer solenoid and 
measuring the mutual inductance. The accuracy of this determina¬ 
tion was not so good as that obtained in the measurement of the mu¬ 
tual inductors, because the values of mutual inductance were much 
smaller. However, this had no important effect on the final result 
because a systematic error in the observed values of magnetizing 
force does not affect the saturation value obtained by extrapolation 0 

One factor which has an important bearing on the accuracy of the 
measurements is the degree of uniformity of the field in the space 
immediately adjacent to the specimen, which is occupied by the test 
coils. I his is a function of the distance between the pole pieces 
referred to as the gap length. Preliminary investigation of the distri- 
bution corresponding to various values of the gap length revealed the 
lact that the area-turns of the various combinations of test coils were 
not known to a sufficient degree of precision for this purpose For 
tins reason explorations were carried out by means of a single coil so 
mounted that it could be moved in a radial direction from the surface 
*e specimen, with its axis always kept parallel to the direction of 

By the g alvanomet er at its maximum sensitivity and 
moving tbs coil from various points at measured distances from the 
surface of the specimen to a point taken as a reference, it was possible 
to determine the distribution to a satisfactory degree of precision 
It was found as shmyn in figure 3, that if the gap°is too short, the 
intensity of the field increases with distance from the surface of the 
specimen. If the gap is too long, the field decreases with radial 

uniform fieW S n P i ? engt £ ° f 25 c l n 0 was f / nmd to give a substantially 
uniform held within a distance of 3 mm from the surface of the speci- 
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men. Since the inner three coils which were used for the final measure¬ 
ments are all within this distance, the gap length was set at 2.5 cm. 

The substantially uniform field in the space occupied by the test 
coils made it possible to eliminate experimentally the magnetizing 


2 CM GAP 


< 11280 


9820 



2.5 CM GAP 


7660 


I 4220 


% 2120 


0 . 

5 1060 


9300b 



8010 



6200 



3320 



1670 



83 Or 


3 CM GAP 


AH = 10 


8230 



7020 




5350 - 




2820 - 




1410 




700 



0246 0246 0246 MM 

DISTANCE FROM SURFACE 

Figure 3. Influence of gap length on the distribution of the field in a radial direc¬ 
tion from the surface of the specimen. 

Not© that the observed deviations within 3 mm of the surface for the 2.5-cm gap are not greater than 

2 oersteds. 

field from the observations and thus avoid errors which might result 
from subtracting independently observed values of total induction 


ABC 



TO GALV 

Figure 4. —Connections for adjusting the effective area-turns of the B - and H-coils 

to equality. 

and magnetizing force. This was done in the manner indicated in 
figure 4 In the figure, A, B y and C represent the inner three test 
coils. Coils B and C are connected in series opposition and so give a 
measure of the field in the zone between them. The effective area- 
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turns of this combination can be made equal to the area-turns of coil 
A by means of resistances R x and R 2 connected in the same manner 
as that used for the comparison of mutual inductances. Preliminary 
adjustment was made by setting Ri and R 2 so that 

Ri _ (AN) a 
Ri~\-R 2 (A N) B c 

where 

(^4A r ).4 = area-turns of coil A, 

(AN)bc=8> rea-tums of zone between coils B and C. 

The resistances of coils B and C and their leads are included in the 
value of R 2 . Since the coils and leads are of copper, so that their 
resistance might vary enough with changes in temperature during a 
run to cause an error in the compensation, the resistance of R 2) includ¬ 
ing the coils and leads, was measured frequently during the observa¬ 
tions, and R 2 was adjusted to compensate for any change which may 
have occurred. 

The compensation was checked experimentally by placing the coils 
in a uniform field between flat pole pieces in the apparatus. There 
was no observable deflection of the galvanometer upon reversal of a 
field of 10,000 oersteds. The galvanometer sensitivity was such that 
a difference corresponding to 1 oersted, or 0.01 percent, would have 
been detected. 

Since the test coils were only 2 mm long, possible difficulties due to 
nonuniform distribution of the field in a longitudinal direction were 
avoided. 

The performance of the galvanometer approximates that of a 
fluxmeter nearly enough for ordinary conditions. However, since 
the time required to complete the reversal of the magnetizing current 
in the present apparatus is of the order of 3 seconds, it was found 
necessary to correct for the effect of the delayed impulse. The amount 
of the correction was determined by observing the amount by which 
the deflection due to the reversal of a given current in the primary 
of the mutual inductor was reduced by connecting the magnetizing 
coils in series with the inductor primary. This was done for a series 
of currents in the same range as that used in the final measurements. 
The correction was found to vary linearly with the reciprocal of the 
magnetizing force, and this relation was used to calculate the correction 
to be applied to the saturation value. The correction thus deter¬ 
mined is 0.044 kilogauss, or approximately 0.2 percent of the 
saturation value. 

V. TEST SPECIMENS 


A specimen was cut from each of 10 ingots and were numbered to 

correspond with the ingot numbers. One bar was subsequently 

found to be cracked and one was considered to be excessively porous, 

so that these specimens were discarded. The bars had been swaged 

to a diameter of approximately 6.3 mm and were originally about 12 

cm long. They were later ground to a diameter of 6.0 mm and cut 
to a length of 8 cm. 

The determination of the cross-sectional areas of the specimens is 
ol considerable importance, because the accuracy of the results 
depends directly upon the accuracy to which these areas are known. 
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Mechanical measurements of diameter can be made to the requisite 
accuracy, but if the specimens are porous there can be no assurance 
that the area determined from the outside diameter at a given section 
represents the true area of solid metal at that section. In the light 
of recent data calculated from lattice constants and of direct measure¬ 
ments on drawn wires presumably free from appreciable porosity, 
the most probable value for the density of pure iron appears to be 
7.874 ±0.001 g/cm 3 . This value was therefore adopted. The 
observed values for most of the bars are somewhat lower than 7.874 
g/cm 3 , and this was taken to indicate a slight porosity. The values 
are given in table 2. 


Table 2. —Density B of specimens (in grams per square centimeter) 


Specimen number— 



3 

6 

7 

8 

12 

13 

14 

18 

12 cm, swaged___ 

7.875 
* 7.809 

7.869 
7.871 

7.873 

7.870 

7.872 
* 7. 873 

7. 875 

7.872 

7. 807 

7. 867 

7. 800 
7.802 

7. 809 
7. 872 

8 cm, ground___ 



** Determined by the Capacity 
±0.002. 

*» After annealing. 


and Density Section of this Bureau, and estimated to be accurate within 


The average cross-sectional area of solid iron can be found from 
its length, mass, and the true density. However, if the specimen is 
porous, this gives no indication of the variation of area along the 
length nor of the exact area at any one place. This variation was 
investigated by exploring the bars magnetically along their length. 
By means of small brass rods inserted in the axial holes in the pole 
pieces, the specimens could be moved along longitudinally by meas¬ 
ured amounts as indicated on a scale. By observing the galva¬ 
nometer deflections when a bar was moved from different positions to 
a fixed position taken as a reference, it was possible to determine the 
variation of apparent induction corresponding to a fixed value of 
magnetizing force. By using the galvanometer at maximum sensi¬ 
tivity, it was possible to observe differences as small as 0.001 kilo- 
gauss. The galvanometer was calibrated in terms of the average 

area, so that the observed variations were proportional to the varia¬ 
tions in area. 

Since the swaged bars showed large variations in induction, some¬ 
times amounting to as much as 0.5 percent, it was decided to grind 
the bars in order to have more nearly imiform areas. After the 
bars were ground, the variations were found to be very much smaller, 
the curves shown in figure 5 are typical of the results obtained. 
I he magnetic variations after grinding the bars correspond quite 
closely to the variations in area as determined from measurements 
of diameter. The relative differences may be attributed for the 
most part to nonuniformity in distribution of the material due to 

porosity. Bar 10 still showed so much variation, even after grinding, 
that it was discarded. 

Since it was feasible to explore only 8 cm of the length of the bars 
they were cut to that length, and for the calculation of average area 
only that part was used for which distribution had been determined, 
lhe lmal measurements were made at the middle point of the bars 
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with the galvanometer calibrated for the average area. The results 
were then corrected by the percentage that the actual area at the 
point of observation differed from the average, as indicated by the 
magnetic exploration data. 




3579 13579 

POSITION 


Figure 5. — Typical results of magnetic exploration. 

The lower curves represent the variations in area as determined by measurements of diameter The 
upper and middle curves represent the variations in intrinsic induction with position on the bar at a mag¬ 
netizing force of 5,000 oersteds. The positions indicated are 1 cm apart. Position 5 is the middle of the bar 


VI. FINAL OBSERVATIONS AND RESULTS 

Final observations were made at magnetizing forces ranging from 
1,500 to 10,000 oersteds. Previous investigators [5, 6] have found 
that for values of intrinsic induction, B u within 1 percent of the satura¬ 
tion value, B S) the law of approach to saturation is represented by 
the equation 

T, , . . B t =B 8 — b/H. 

.By plotting B t against 10 4 /i2, this law was found to hold for the 
present results within the experimental error. A typical set of 
observations plotted in this way is shown in figure 6. In determining 

1e ^, va ^ ue of and the slope, b } all of the observed values were 

utilized by solving the simultaneous equations. 

2 Z? i= NB, —2 (1 0*/H) X b 
2 (B t X 1 Of II) = 2(1 Of II) B— 2 [ (1 OfH) 2 ] X b 

where 

22?*=sum of observed values of B t (kilogausses) 

-V= number of observed points 
B 9 =saturation value (kilogausses) 

2 (1 0*IH )=sum of values of 10 *IH (H in oersteds) 

6=slope of line 
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It may be noted that none of the observed points departs from the 
calculated line by as much as 0.01 kilogauss, which was the least 
count in the observations. 

Two independent sets of observations were made on each of the 
eight specimens. Two of the specimens were then annealed in vacuo, 
and the observations were repeated, so that in all 10 values were 
obtained. Specimen 3 was annealed at 865° C for the purpose of 
relieving the strains produced by swaging. The bar was explored 
for uniformity after annealing, and the results were practically iden¬ 
tical with those for the bar in the swaged condition. Bar 8, on the 
other hand, gave some very interesting results. The bar was annealed 



at 1,0-0. C, with the idea of producing grain growth as well as reliev¬ 
ing strains. It was hung from one end in a vertical furnace. The 
results of magnetic exploration before and after annealing are shown 
m ngure 7 The magnetic exploration of bar 8 after it was annealed 
indicated that the bar was tapered, and this was confirmed by mechani- 
cai measurements of diameter. The high temperature evidently had 
sottened the bar enough to permit a progressive elongation, greatest at 
e top, which produced a slight taper. It is of interest to note, 
owever, that no appreciable change in the saturation value was 

tv? n a i° 4 Ut by anne aling in either case. 

ine tmal data and corrected values are given in table 3. In column 
^j re ^ 1v ? D d . values of B s obtained by extrapolation of the observed 

mann er indicated above. Columns 2, 3, and 4 
• J? -7 e correc tions for nonuniformity of area, delayed impulse, and 

tip?^ ltleS, + reS ^S C ^ ve ^ y ' v * ew the small amounts of the impuri- 

and t ,be correspondingly small correction necessary, no 
Hotn £L Wa l mad 1 e to . determine their effects independently. The 
g en by other investigators were assumed to be sufficiently 
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accurate for the purpose. The corrections for C, Cu, N, O, and S 
were based on the work of Steinhaus, Kussmann, and Schoen [6] 
and the correction for Si from that of Gumlich [3]. The total cor¬ 
rection was calculated to be approximately 0.02 percent, or 0.004 

kilogauss, which is less than the probable error of the magnetic 
measurements. 

Column 5 gives the final corrected values, showing a mean of 
21.578 kilogausses. The percentage deviations from the mean are 



POSITION 


Figure 7. —Effect of annealing on the uniformity of area 


C tn^ 6 ’ the numerical average being 0.042 percent and the 
maximum 0.074 percent. 


Table 3. —Final results 


Specimen number 


Intrinsic induction (kilogausses) 


- 

1 

2 

3 

4 

5 

3. 

01 coo 



-0.044 





21. 623 

01 ron 

+0. 005 

• 

+0.004 

21.570 


21. 620 
oi CO c 

• 005 

• 

-0.044 

+0.004 

21. 673 


21. 636 

01 COA 

. 001 

AA. 

• 

-0. 044 

+0.004 

21. 584 


21. 620 
OI CO*? 

• 007 

• 

b0. 044 
b0. 044 

1 

|-0.004 

21. 675 


21. 63/ 

OI RilO 

. 006 

A A1 

- 

H 

b0. 004 

21. 591 


21. 643 

OI Cii 

—. 001 

1 AA 4 

b0. 044 

b 

b0. 004 

21. 590 


21. 641 

OI CIO 

+. 004 

— 

b0. 044 

b 

b0. 004 

21. 593 


21. 612 
OI A AA 

. 008 

A A 4 


b0. 044 

H 

b0. 004 

21. 568 


21. 400 

ni COA 

. 024 

— 

-0. 044 

H 

b0. 004 

21.562 


21. 620 

• 001 


b0. 044 

H 

b0. 004 

21. 569 


Mean_ 

Maximum*:*.::::;:::...-.~ 


Annealed. 


21. 578 


6 


-0.009 
-.023 
+.028 
—.014 
+.060 
+. 050 
+. 069 
—.046 
—.074 
-.042 


0.042 

0.074 
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In considering the probable accuracy of the final result, the greatest 
source of uncertainty is the effect of the delayed impulse, for which a 
correction of 0.2 percent was made. The error in determining this 
correction is probably not greater than 25 percent of the correction, 
which leaves an uncertainty, then, of 0.05 percent. The mutual 
inductance of the inductor was known to 0.01 percent; the measure¬ 
ment of current for calibrating the galvanometer was good to 0.01 
percent; the error due to imperfect compensation of the test coils did 
not exceed 0.01 percent; and the probable experimental error, as 
calculated from the deviations from the mean, is of the order of 0.01 
percent. If the allowance for the effect of impurities should be wrong 
by 50 percent, the uncertainty would be only 0.01 percent of the total. 
This gives a total uncertainty of ±0.1 percent, or ±0.02 kilogauss, 
if the errors should be cumulative. However, assuming a random 
distribution, the probable error is ±0.05 percent. It seems safe to 
conclude, therefore, that the saturation value for pure iron at 25° C 
and based upon a density of 7.874 g/cm 3 is 21.58 ±0.01 kilogauss. 
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abstract 

r.rnS tri 5 tr jc a lc ium aluminate hexahydrate, one of the well-established 

° f h J-i lon - o f Portland cement, forms complete solid solutions with 
he conesponding ferrite, 3Ca0.Fe 2 0 3 .6H 2 0, with grossularite garnet, 3Ca0.Al 2 0 3 . 
3hi0 2 , and with andradite garnet, 3Ca0.Fe 2 0 3 .3Si0 2 .^ Members of this solid- 
solution series were synthesized by hydrothermal methods, and X-ray deter- 

m!n^rI? nS i Wer r + ma o^ °A crystal structures. To the series belong: (1) The 
^?^ a ii PlaZ °i lte * . 3 Ca °Al 203.2Si0 2 .2H 2 0, (2) the major product of hydration 
fJ®f s ,P hase m Portland cement clinker at elevated temperatures and pres- 

ferrite d 3 ° De ° f the ma] ° r P roducts of hydration of tetracalcium alumino- 
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I. INTRODUCTION 


Although rather extensive investigations have been made on the 
reactions of the crystalline constituents of portland cement with water, 
no such study has been reported with respect to the glass phase in 
cement clinker. In the course of some experiments related to this 
problem, on the reaction of water at elevated temperatures and pres¬ 
sures with glasses in the quaternary system Ca0-AJ 2 0 3 -Fe 2 0 3 -Si0 2 , 
certain results were obtained which led to an investigation of possible 
solid solution relationships between the isometric tricalcium aluminate 
hexahydrate and the isometric tricalcium ferrite hexahydrate recently 
discovered by Eiger [l ]. 1 The existence of such solid solutions was 
confirmed, and it was found that their stability was considerably 
influenced by the presence of silica. 

An extension of the study revealed that silica could replace water in 
both 3 Ca 0 .Al 2 03 . 6 H 2 0 and 3 CaO.Fe 2 O 3 . 6 H 2 O, and that the end prod¬ 
ucts of these substitutions are grossularite garnet, 3Ca0.Al 2 0 3 .3Si0 2 , 
and andradite garnet, 3Ca0.Fe 2 0 3 .3Si0 2 , respectively. Complete 
solid solutions exist between each of these compounds and the other 
three. The hydrous members of the series may be termed “hydro- 
garnets to indicate tlieir relationship to the naturally occurring 

This investigation is presented in two parts. The first deals with 
the synthesis of various garnets and hydrogarnets, and the second 
deals with their structures as revealed by X-ray data. 

II. HYDROTHERMAL STUDY 


By E. P. Flint and Lansing S. Wells 

1. PRELIMINARY EXPERIMENTS 

(a) REACTION OF WATER AT ELEVATED TEMPERATURES WITH GLASSES IN THE 

SYSTEM CaO-2CaO.Si02-5Ca0.3Al a O*-4CaO.Al,Oj.FejO a 

Small quantities of glasses representative of the composition of var- 

at M00° C in the system Ca0-2Ca0.Si0 2 -5Ca0. 
d Ai 2 \j 3 -4UaO. A1 2 0 3 .F e 20 3 were available from a previous investigation 
ana were used in the preliminary work. Details of the method of pre- 
paring these glasses have been given by Lerch and Brownmiller [ 2 ]. 
nail-gram quantities of the finely powdered glasses with 10 ml of 
Uo-lree water were placed in steel bombs of 40-ml capacity, and the 
ombs were then heated at constant temperature (±5 degrees C) in 
r-/ 0 1C turna ces for several days. The apparatus and procedure were 

eom™wf^ aS ^ se v des( ) ribed in a previous publication [3]. After the 

P enod > the products were removed from the 

in a d^iWf ed W1 ^. alcobol 1 a ^d ether, and dried over calcium chloride 

various comnndf The re ^ lts obtained from treatment of glasses of 
^ anous com positions are listed in table 1 . 

mbers in brackets indicate the literature references at the end of this paper. 
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Table 1. —Results of treating CaO-A^Oa-Fc^Oa-SiOa glasses with water at elevated 

temperatures 


Experi¬ 

ment 

number 



Oxide composition of the glasses 

CaO 

AlaO. 

FcjO» 

SiOi 

% 

% 

% 

% 

58.3 

33.0 

0.0 

8.7 

56.7 

30.3 

5.0 

8.0 

54.8 

22.7 

16.5 

6.0 

53.1 

17.8 

23.7 

5.5 

58.1 

23.5 

18.4 

0.0 

56.3 

17.0 

26.7 

.0 

54.5 

11.0 

34.4 

.0 


Tom 

pera- 

turo 


Timo 


Crystalline phases in product 



Days 


90% isometric phase, n — 1.615. 

80% isometric phase, n = 1.625; scarce hema¬ 
tite; no Ca(OH)j; 10% unreactod glass. 

80% isometric phase, n = 1.655; 5 to 10% 
hematite; 5% Ca (OH)j. 

70% isometric phase; n = 1.655; 10 to 15% 
hematite; 10% Ca(OH)i. 

30 to 40% isometric phase, n = 1.625. 

20 to 30% isometric phase, n = 1.65. 

20 to 30% isometric phase, n = 1.67. 


» Composition of liquid at invariant point 3CaO.AliOj, 2CaO.SiC>2, 3CaO.SiO» in system CaO-AljO»-SiO». 
b Composition of liquid at quaternary eutectic 3CaO.SiC>2, 2CaO.SiOj, 3Ca0.Ah03, 4 CaO.Al 3 O 1 .FejO* 
in system CaO-AljOa-FcjO»-SiOi. 


The predominant phase obtained in experiments 1 to 4 consisted 
of isotropic crystals, frequently of rectangular outline but often appear¬ 
ing to retain the shapes of the original glass fragments. These aggre¬ 
gates exhibited closely spaced longitudinal striations. The index of 
refraction of the isotropic phase increased from 1.615, in the product 
from the Fe^-free glass, to 1.655, in the product of experiment 4. 
This change in refractive index was accompanied by a deepened yellow 
color of the crystals. 

Because the refractive indices of this phase were intermediate 
between those of 3Ca0.Al 2 0 3 .6H 2 0, n= 1.605, and the isomorphous 
compound 3 Ca 0 .Fe 20 3 . 6 H 2 0 , n= 1.710, it seemed probable that the 
crystals might represent solid solutions of these two compounds. 
Experiments 5 , 6 , and 7 record attempts to prepare members of such 
a solid-solution series. The glasses used contained CaO, A1 2 0 3 , and 
Fe 2 0 3 in the molar proportions 9:2:1, 6 : 1 : 1 , and 9:1:2. If but one 
phase were formed in the hydration of these glasses, the resulting 
products would be intermediate between 3Ca0.Al 2 0 3 .6H 2 0 and 
3Ca0.Fe 2 0 3 .6H 2 0 in composition. Similar treatments in the bombs 
gave much smaller amounts of the isometric phase than had been 
obtained from the glasses containing silica. The balance of the prod¬ 
ucts consisted of hematite, calcium hydroxide, and considerable poorly 
crystallized unidentified material. Apparently the presence of silica 

in the glasses of experiments 1 to 4 helped to stabilize the isometric 
phase. 

Other Ca0-Al 2 0 3 -Fe 2 0 3 glasses were prepared, using B 2 0 3 as a flux, 
but on hydration these gave a highly birefringent material as the 
primary phase and none of the isometric crystals. Another method 
of preparation therefore was sought. 


<b) PREPARATION OF CALCIUM ALUMINOFBRRITE HYDRATES 

Eiger [ 1 ] prepared 3 CaO.Fe 2 O 3 . 6 H 2 O by treating colloidal hydrated 
feme oxide with a lime solution for 6 weeks, and he obtained in this 
way a mixture of isometric crystals of refractive index 1.710 and 
hexagonal crystals of indices 1.61 to 1.65. The isometric 3CaO. 
Al 20 3 . 6 H 2 0 may also be obtained at room temperature, but is like- 

275013—41—2 
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wise usually accompanied by considerable amounts of the hexagonal 
form of hydrated calcium aluminate 4], unless sufficient time is allowed 
for transformation of the hexagonal to the isometric form, a process 
that usually requires several months. A product made in this way is 
shown in figure 1. However, if the preparation is carried out at higher 
temperatures (60° to 100° C.), the isometric aluminate crystallizes 
without any of the hexagonal form [5]. Since, in this study, prepara¬ 
tions were desired which would be free from hexagonal ferrite or alumi¬ 
nate, a Q method was adopted wherein crystallization was brought about 

100 c. 

The procedure involved the very slow addition of a dilute acidified 
solution of iron and aluminum chlorides to a large volume of boiling 
calcium hydroxide solution. Samples of iron and aluminum of high 
purity and ignited reagent quality calcium carbonate were the original 
materials. Sufficient iron and aluminum were used in all cases to 
give 3 g of each hydrate. In each experiment the required quantities 
ot the two metals were placed in a small beaker, dissolved in 10 to 15 
ml of 6 N HC1, and any ferrous iron was oxidized by the addition of 

peroxide. After evaporation to dryness to remove excess 

inn*’ i G f ^ re °f ferric and aluminum chlorides was taken up in 
iUU mi ot C(J 2 -free water containing 2 ml of concentrated HC1. This 

was then added over an interval of 8 to 10 hours to 5Y 2 liters 
of boding lane suspension (1.15 g of CaO per liter). The lime sus¬ 
pension was contained in a 6-liter flask fitted with a rubber stopper 
carrying a reflux condenser and a dropping funnel with a constricted 
‘ft 1 rotection from atmospheric C0 2 was provided by soda-lime 
i es - I he solution m the flask was kept boiling vigorously on a 
not plate. It was found necessary to add the FeCl 3 -AlCl 3 solution 
ve 1 ^ small droplets at the rate of only 10 to 15 ml per hour in order 
\ <• \\ e P^dP^tion of ferric hydroxide by the lime solution. 

h i t ° f the i <*?°nde solution had been added, boiling was con- 
, c * 01 an additional half hour. The resulting mixture was cooled 
__, TT ro< ? m temperature and agitated until any calcium hydroxide 
^/r a S P rese f L t had been dissolved. The product was then filtered 
, r . W1 ^k alcohol and ether, and dried overnight in a calcium 

i oiide desiccator. Chemical analyses and index of refraction meas¬ 
urements are given in table 2. 


Table 2. Compositions and indices of refraction of hydrated calcium alumino- 

ferrite solid solutions 


Sample 

num¬ 

ber 


Composition by analysis 


Molar ratios of preparations 


Index 
of re- 


CaO AI 2 O 3 Fe 2 0 3 Si0 3 HjO CaO AlaOs Fe 2 0 3 SiOa H a O H 3 0+2Si0 3 fraction 


% 

44.35 
43.12 
41.56 
40. 72 
38. 52 

40. 22 
38.28 
38. 50 
38. 19 
40. 03 


% 

26. 38 
24. 06 
15. 63 
11.85 
7. 52 

7. 97 


2. 37 
12. 83 
18. 36 
26. 30 

24.65 
35. 55 
35.19 
35. 27 
32. 16 


% 

1.06 

6.28 

5. 36 

6. 37 
3. 34 

4.16 
6.13 
5.54 

7. 11 
6. 34 


% 

27.81 

23. 97 

24. 56 
22.52 
23. 78 

23. 04 
20. 56 
20. 70 
19. 79 
21.83 


3. 06 
3. 07 
3.18 
3.15 
2.88 

3. 09 
3. 07 
3.12 
3.08 
3.54 


0.94 
.66 
.50 
.31 

.34 


1.00 
0. 06 
.34 
.50 
.69 

. 6G 
1.00 
1.00 
1.00 
1.00 


0. 07 
.41 
.38 
.46 
.23 

.30 
. 3S 
.42 
.54 
.52 


5.97 
5.31 
5.83 
5.42 
5.52 

5. 50 
5.24 
5. 34 

4.97 
6.01 


6. 11 
6.13 
6. 59 
6. 34 

5. 98 

6. 10 
6. 00 
6. 18 

6. 05 

7. 05 


1. 607 
1.618 
1.642 
1. 665 
1. 675 

1.678 
1.720 
1.723 
1. 730 
1.710 
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Figure 1 .—Jcositetrahedral form of 3( aO. Al,0,.6H >0. 


Magnification X2.50. 



Figure 2. — Preparation 2 , table 2. 

Magnification X400. 
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Figure 3. —Preparation 7 , table 2. 

Magnification X1300. 
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Microscopical examinations of the products indicated a purity of 
95 percent or better, the preparations being made up of well-developed 
octahedral crystals. None of the other crystal habits reported by 
other writers (cubes, rhombic dodecahedrons, icositetrahedrons, etc.) 
of 3 CaO.Al 2 O 3 . 6 H 2 O was observed. A photomicrograph of a typical 
preparation is shown in figure 2 . The preparations toward the 
aluminate end of the series gave the best developed crystals, and the 
crystal size decreased as their iron content increased. Toward the 
fernte end of the series the octahedral faces of the crystals were not 
completely developed, and exhibited the cross-like appearance shown 
in figure 3. The iron-containing products were of a light-yellow 
color. 

Although no silica or hydrated calcium silicate could be detected 
microscopically in the products, the analyses in table 2 show each 
sample to be contaminated by 1 to 7 percent of Si 02 . Furthermore, 
the water contents (H2O/R2O3) of the preparations are consistently 
lower than the theoretical value (H 2 0/R 2 0 3 =6). However, if the 
molar ratio of (H 20 + 2 Si 02 )/R 203 is calculated, values in better 
accord with theory are obtained, as may be seen in the table. It will 
be noted also that all but one of the silica-containing 3Ca0.Fe 2 0 3 .6H 2 0 
preparations have refractive indices slightly higher than the 1.710 
reported by Eiger [ 1 ]. 

Various expedients were tried in attempts to eliminate the con¬ 
tamination by silica. Experiments were made using copper and iron 
reaction vessels, but the products thereby obtained were all badly 
contaminated with hydrous iron oxide, no matter how slowly the iron- 
containing solution was added. The same condition resulted when 
a silver-lined glass flask was used. Thus, as in the case of the treat¬ 
ment of the Ca0-Al 2 0 3 -Fe 20 3 -Si 0 2 glasses with water, it is indicated 
that the presence of silica helps to stabilize the calcium alumino- 
fernte hydrates. 

Glass containers of various compositions were tried, but none was 
found having complete resistance to lime solution. Other experiments 
were made wherein the reaction period in the glass flask was reduced 
to 3 hours. This could be accomplished without precipitation of ferric 
hydroxide if the iron-aluminum chloride solution was added to a 
rather heavy lime suspension containing about 10 g of CaO in excess of 
that used previously. After cooling the mixture to room temperature, 
the excess lime was removed by diluting with sufficient C0 2 -free water. 
However, it was found that the preparations were not improved by 
this treatment, as they still contained 4 to 5 percent of silica. 

One preparation (No. 10 , table 2 ) of the compound 3Ca0.Fe 2 0 3 .6H 2 0 
was attempted in a container of dense unglazed porcelain. Analysis 
showed 6.34 percent of silica, and the composition corresponded to 
3.54 CaO:1 00Fe 2 O3:0.52SiO 2 :6.0lH 2 O. This preparation differs from 
the others listed in table 2 in showing considerable contamination by 
hne-gramed material of low birefringence, which may have been hy¬ 
drated . calcium silicate. However, it is included here because a 
determination of the unit-cube size of the isometric constituent in 
oection III of this paper showed very close agreement with the esti¬ 
mated theoretical unit-cell value of 3Ca0.Fe 2 0 3 .6H 2 0. 
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When ferric chloride solution is added to limewater at room tem¬ 
perature a calcium chloroferrite, 3 CaO.Fe 2 O 3 .CaCl 2 . 10 H 2 O, is formed. 
At room temperature this compound goes over slowly to 3Ca0.Fe 2 0 3 . 
6H 2 0. Thus, a chloroferrite precipitate allowed to stand at room 
temperature for 95 days in contact with its solution was about 50 
percent converted to the isometric compound. This sample contained 
0.83 percent of Si0 2 . Another chloroferrite preparation, which was 
filtered shortly after precipitation, and hence contained negligible silica, 
was placed in contact with dilute lime solution (0.G26 g of CaO/liter) 
and maintained at 60° C with frequent shaking. After 2 weeks, it was 
completely transformed to the isometric compound. The product 

was found to contain 6.85 percent of Si0 2 taken up from the glass 
container during this period. 


(c) DECOMPOSITION TEMPERATURES OF SILICA-CONTAINING CALCIUM ALUMINO- 

FERRITE HYDRATES 

To determine the temperatures at which members of the series 
break down in contact with solution, 0 . 2 - to 0 . 3 -g samples of some of the 
preparations listed in table 2 were heated in the bombs with 10 ml of a 
dilute lime solution ( 0.2 g of CaO per liter) at various temperatures. 
I he decomposition temperature was assumed to be that above which 



Mo Jar ftaf/o, Fe 2 0 3 /ft 2 0 3 

Figure 4. Decomposition temperatures of hydrated calcium aluminoferrites con¬ 
taining silica. 

appreciable quantities of hematite or gibbsite, as well as calcium 
Hydroxide, appeared. The results are listed in table 3. Figure 4 sum¬ 
marizes these data, the temperatures plotted being the average of the 

two limiting temperatures, except in the case of 3CaO.A!,0, 6H,0 
where it was taken as 300° C. ^i 2 w 3 .o.n 2 w, 
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Table 3. —Decomposition temperatures of hydrated calcium aluminoferrites 


Sample number 


1 * 


Molar ratio 
AljOi/FetO« 


1:0 


2:1 


1:1 


1:2 


0:1 


Tempera¬ 

ture 


{ 


200 

300 

320 

420 

250 

270 

290 

330 

230 

250 

260 

280 

220 

230 

150 

200 

220 

230 


Time 


Days 


14 

27 

27 

C 

34 
41 
48 
14 

44 

35 
8 
8 

20 

22 

77 

20 

13 

8 


Extent of dccomposi 
tion 


None. 

Very slight, but 
crystals etched. 
Partial. 

Complete. 

None. 

Slight. 

Almost complete. 
Do. 

None. 

Partial. 

Do. 

Almost complote. 

None. 

Partial. 

None. 

Do. 

Slight. 

Partial. 


all 


» Samples are numbered to correspond with the designations used in table 2. 

In spite of the long digestion periods below the decomposition tem¬ 
peratures, the crystal size of the hydrates was not greatly increased. 

As will be shown later, the decomposition temperatures are influ¬ 
enced considerably by the presence of silica in the preparations. The 
fact that figure 4 is nearly a smooth curve probably is caused by the 
presence of roughly the same amounts of silica in the preparations 
except in the 3Ca0.Al 2 0 3 .6H 2 0 product. ’ 

(d) DISCUSSION OF RESULTS 

The data in tables 1 and 2 indicate that 3Ca().Al 2 0 3 .6H 2 0 and 
4^a(J.Fea0 3 .6H 2 0 form a complete series of solid solutions. IIow- 
ever, it is evident from the following considerations that silica is 
also a factor in the solid solutions as follows: 

1* The isometric product obtained from a glass containing 8.7 
percent of Si0 2 but no Fe 2 0 3 (experiment 1, table 1), has a refractive 
n o X n?i? pre ? ia h^ higher than that of ordinary 3Ca0.Al 2 0 3 .6H 2 0. 

• 1 h e numeral plazolite, 3Ca0.Al 2 0 3 .2Si0 2 .2H 2 0, 2 [7] crystallizes 

\ ls< ? me tnc system with a refractive index of 1.675 [8] inter- 

between »= 1.605 for 3Ca0.Al 2 0 3 .6H 2 0 and »= 1.735 for 
J^M te -x gai ? et ’ 3Ca0.Al 2 0 3 .3Si0 2 . Winched [9] has pointed out 
nln™u+ arity ,_between plazolite and grossularite. The formula of 
TT n ^ Can * acc <>unted for by assuming that two molecules of 
molpoiflpQ one molec ule of Si0 2 in grossularite, or that two 

6H 2 C) e ° f Sl ° 2 k ave re P laced four m °lecules of H 2 0 in 3Ca0.Al 2 0 3 . 

tbf^i h ° Ug h, no na ^ural ferrite corresponding to plazolite is known, 

of 30*1 n AUA^r es U P to 7.1 percent m the preparations 

— <j ^aO F e 2 0 3 - 6H 2 Q hsted m table 2 points to the possibility of 

con ten t of* the*s ! amp] es ana a. 2S i Oa. 2 (CO a, HjO), given for plazolite is incorrect, the carbonate 

muqlcatlonfrom W F. Foshag) b * 8 due to the P resence of small amounts of calcite. (Personal com- 
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analogous solid solution between 3Ca0.Fe 2 0 3 .6H 2 0 and andradite 
garnet, 3Ca0.Fe 2 0 3 .3Si0 2 . 

4. The preparations listed in table 2, with the exception of No. 10, 
have a water content of less than 6 moles. This can be accounted 
for by the assumption, as in the case of plazolite mentioned above, 
that 2 parts of H 2 0 were replaced by 1 part of Si0 2 . 

5. All attempts to obtain stable iron-containing preparations, 
except in the glass or porcelain containers which served as sources of 
silica during the reaction, were unsuccessful. Evidently the iso¬ 
metric calcium ferrite or aluminoferrite hydrates are unstable in the 
absence of a certain amount of silica in solid solution. 

6. Numerous analyses of naturally occurring garnets prove the 
existence of a complete series of solid solutions between grossularite, 

3Ca0.Al 2 0 3 .3Si0 2 , and andradite, 3Ca0.Fe 2 0 3 .3Si0 2 [10b 

Confirmation of the above points was obtained in the X-ray study, 
the results of which will be presented in another section of this paper. 

On the basis of the available evidence, the solid solution relation¬ 
ships of 3Ca0.Al 2 0 3 .6H 2 0 with Fe 2 0 3 and Si0 2 may, therefore, be 
tentatively formulated as follows: 


3Ca0.Al 2 0 3 .6H 2 0- 

I 

3Ca0.Fe 2 0 3 .6H 2 0 


3CaO. Al 2 0 3 .3Si0 2 

I 

3 CaO. F e 2 0 3 .3Si0 2 , 


each end member being capable of forming complete mixed crystals 
with the other three members. Each part of Fe 2 0 3 displaces 1 part 
of A1 2 0 3 , while 1 part of Si0 2 substitutes for 2 parts of H 2 0. 


2. PREPARATION OF 3Ca0.Al 2 0 3 .6H 2 0-3Ca0.Fe 2 0 3 .6H 2 0-GR0SSULAR- 

ITE-ANDRADITE SOLID SOLUTIONS 


(a) PROCEDURE 

In order to obtain homogeneous materials for hydrothermal treat¬ 
ment, glasses of the desired compositions were prepared from reagent 
quality calcium carbonate, alumina, ferric oxide, and purified silica 
gel (0.03 percent of nonvolatile residue on ignited basis). The mix¬ 
tures were thoroughly ground and given a preliminary ignition at 
1,200° C. All melts were prepared in a platinum resistance furnace. 
Those having liquidus temperatures of 1,400 to 1,450° C. were made 
in 5-g quantities in a furnace used for making experimental glasses; 
the remainder, in quantities of 0.5 to 1 g, were wrapped in platinum 
foil and quenched from the higher temperatures. The melts were held 
above the liquidus temperatures for 15 minutes before quenching. 
Glasses of uniform index and free from birefringent material were 
thus obtained. 

The oxide ratios of glasses prepared and the temperatures from 
which the liquids were quenched are given in table 4. As a check 
on the accuracy of the calculated compositions, glasses 13, 14 17, 
18, and 19 were analyzed, with the results shown in table 4. ’ 
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Table 4. —Glasses prepared for study of solid solution relationships in the system 

3CaO.R2O3.3SiO2-3CaO.R2O3.6HoO 


Calculated oxide 
ratios of glasses 


Compositions of glasses by analysis 


Sample 

number 


o o 

O 


% 2 

P=-t CO 


Tem¬ 

per¬ 

ature 

of 

quench 

ing 


Oxide analysis 


Oxide ratios ° 



0.5 

1 

2 

3 

1.5 

2 

3 

2 

3 


* Oxide ratios if FeO is calculated to FeaOs. 




35.30 
37.51 
33.11 


10 . 86 



15.68 
35. 02 
28.61 


0.99 

.80 

3.00 


37.25 
26. 78 
35.24 


2. 93 
2. 97 
2.96 


0. 49 
1.00 
1.00 


0.51 



2. 89 
1.98 
2. 94 


The appearance of ferrous oxide in glasses 17, 18, and 19 introduces 
some uncertainty as to their suitability for hydrothermal treatment, 
but the amount of reduction is perhaps not sufficiently large to be 
significant except in the case of glass 19. 

The preparation of a number of other glasses was attempted, but it 
was found that the melting points of the compositions (3Ca0.Fe 2 0 3 .Si0 2 , 
6Ca0.2Fe 3 0 3 .3Si0 2 , and 6Ca0.Al 2 0 3 .Fe 2 0 3 .2Si0 2 ) were above the tem¬ 
perature range of the furnace. 

As before, 0.5-g quantities of the finely powdered glasses were 
treated in the bombs with 5 to 10 ml of water at various temperatures 
and for different lengths of time. The products were washed with 
alcohol and ether and dried in a desiccator over calcium chloride. 
Ignition-loss determinations, microscopical examinations, and X-ray 
patterns were then made of the products. 

(b) RESULTS OF ANALYTICAL AND MICROSCOPICAL DETERMINATIONS 

Table 5 summarizes the results of the hydrothermal treatment of 
the various glasses. As the table indicates, in the five cases in which 
n ?i )re .^ an one temperature was used, certain temperatures are more 
effective than others in bringing about crystallization. Above or 
below the optimum temperature, crystallization is either very slow or 
decomposition to more than one product occurs. 

Table 5. —Products of hydrothermal treatment of glasses in the system 

3CaO.R2O3.3SiO2-3CaO.R2O3.6H2O 


Sample 

number 


Oxide'ratio of glasses 


Ca0 AlaOi Fe 2 0 3 SiOj 



3.00 
3.00 
3.11 
3.00 
3.00 
3.00 
2.93 
2.97 
2. 96 


1.00 
1.00 
0.94 
1.00 
0.60 




0. 50 
.50 
.49 
1.00 
1.00 


0. 50 
1.00 
2.13 
2. 94 
1.50 
2. 00 
2. 89 
1.98 
2. 94 


Tem¬ 

perature 


HjO/RjOj 
in product 


of good 
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Tim a 



crys¬ 

talli¬ 

zation 

sure 

1 line 

Theo¬ 

retical 

Actual 

°C 

200 

atm 

15 

Days 

14 

5 

4. 73 

250 

39 

20 

4 

3.83 

350 

163 

13 

2 

2.27 

500 

420 

6 

'MSsSSKim 

0.59 | 

300 

85 

28 

3 

2.55 

200 

15 

28 

2 

2.15 

500 

330 

17 


0. 55 

150 

5 

17 

2 

2. 10 

500 

420 

11 

0 

0. 30 


Other 

tempera 

tures 

tried 


°C 

None 

None 

300 

300, 400, 600 
None 
None 
300, 400, 600 
200, 350, 400 
300, 400 
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The preparations consisted, in all cases, of very small crystals of the 
isometric phase, the refractive index of which increased with increase 
m the Si0 2 content of the treated glasses, both in the A1 2 0 3 and Fe 2 0 3 
series. The refractive indices of the products from experiments 13 and 
14 checked approximately those of plazolite and grossularite, respec¬ 
tively, but, in general, the refractive indices of the crystals could not 
be accurately determined because of their small size. 

Departure of the water contents of the preparations from theo¬ 
retical values is caused partially by the fact that in some cases a small 
percentage of unreacted glass remained after the hydrothermal treat¬ 
ment. Also, most of the products contained a few percent of poorly 
ciystalhzed material, indicating that the action of the glass with water 



Mo/ar feeOj/f? 2 0 3 


Figure 5. Compositions prepared in the solid-solution series 

3Ca0.R 2 0 3 .6H 2 0-3Ca0.R 2 0 3 .3Si0 2 . 


was not completely uniform. In the case of the iron-containing glass 
some of the difficulty is probably caused by the presence of FeO* 
a tnough the percentage of this constituent seems to be considerablv 
reduced by the hydrothermal treatment. Thus the andradite garnet 
preparation (No. 9, table 5) contained only 0.4 percent of FeO 
aitnough 3.0 percent of FeO had been present in the original glass 

?■’ cor \ st ™cted from data in tables 2 and 4, illustrates the 

ferrite Wi^ n relat i onsl ^P s °{ *»}e garnets and the aluminate and 
rectaLle y e^ g? ? r The hydrate of any composition within the 

motoiTor "h* 3 ' b<,t "' een 0 
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3. SUBSTITUTION OF OTHER OXIDES FOR CaO, A! 3 0 3 , AND Fe 2 0 3 IN 

THE SOLID-SOLUTION SERIES 

In the hope of obtaining preparations better suited for crystallo¬ 
graphic studies than 3Ca0.Al 2 0 3 .6H 2 0 or 3Ca0.Fe 2 0 3 .6H 2 0, syn¬ 
thesis of analogous compounds in which the CaO is replaced by 
MgO, MnO, BaO, and SrO, and the A1 2 0 3 or Fe 2 0 3 by Cr 2 0 3 was 
attempted. As before, the method involved the very slow addition 
of solutions of the chlorides of aluminum and chromium to boiling 
solutions of calcium, barium, or strontium hydroxides. For prepara¬ 
tion of the magnesium and manganese compounds, solutions of the 
chlorides of these two metals were added slowly to boiling solutions 
of sodium aluminate. In no case was a material obtained bearing 
any similarity to the isometric aluminate or ferrite hydrates. Bran- 
denberger [6], however, has reported the existence of an isometric 
compound 3Sr0.Al 2 0 3 .6H 2 0, but he does not state how it was prepared. 

A number of glasses having compositions corresponding to possible 
garnets were also made up and treated with water in the bombs at 
500° C, 400 atmospheres, for periods of 1 to 3 weeks. The products 
fiom 3Ba0.Al 2 0 3 .3Si0 2 and 3Sr0.Al 2 0 3 .3Si0 2 showed extensive de¬ 
composition to Ba(OII) 2 and Sr(OH) 2 and apparently contained 
none of the isometric phase. The glass 3Mg0.Al 2 0 3 .3Si0 2 gave a 
nnely divided, apparently heterogeneous product, none of the mate¬ 
rial having a refractive index as high as that of pyrope, the corrc- 
spondmg garnet («-= 1.725). A glass of equimolar proportions of 

3CaO.AJ 2 0 3 .3Si0 2 and 3Mg0.Al 2 0 3 .3Si0 2 gave a product containing 
much bircfringent material. 


4. PRODUCTS OF REACTION OF WATER WITH TETRACALCIUM 

ALUMINOFERRITE 

The reaction of tetracalcium aluminoferrite with a large excess of 
water appears to be somewhat different from that which occurs when 
tne ferrite is mixed with only enough water to form a paste. 

the experiments with a large excess of water, 100 g of 
4CaU.Al 2 0 3 .he 2 0 3 was shaken with 2 liters of C0 2 -free water for 
various lengths of time, the solutions filtered, and analyses for dis¬ 
solved lime and alumina made on 200-ml aliquots of the filtrates 
l he concentrations (expressed as g of CaO and A1 2 0 3 per liter) in the 
resulting solutions, which contained no Fe 2 O s , are shown in figure 6. 

„ d . e concentration of the alumina in solution increased rapidly with 
V 11 ?® 9 f shaking, and reached a maximum in 30 minutes, after 
limo in 11 iccreased gradually. A similar change occurred with the 
;.™i* n .- S0lutl0n b , ut dlffered from that of the alumina in that the con- 

We f e hi g be F- This is in contrast to the mechanism of the 
of water on the calcium aluminates and calcium aluminate 
V’ Where tbe concentration of the alumina in solution in the 

iW»nnia geS S r ? atl y exceeds that of the lime and becomes in some 
instances over 2 g of A1 2 0 3 per liter [4]. 

nr, of ° 6Se solutions were metastable and gave “silky” precipitates 

scoDicnltp 18 Th^ fter 3 “ on ] hs ; the precipitates were examined micro¬ 
ti,™ ii- lde y consisted of the hexagonal forms of hydrated cal- 

3CnO 4 Y“ lnat f' Vlth > m most cases, smaller proportions of isometric 
o^au.Al 2 (J 3 .6H 2 0 of normal index, 71 = 1.605. 
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One of the mixtures of 4Ca0.Al 2 03.Fe 2 03 and water was allowed to 
stand for 10 years at room temperature, with occasional shaking. 
Analysis of this solution showed but a trace of alumina. The lime in 
solution was 1.087 g of CaO per liter, slightly less than that of a satu¬ 
rated lime solution. This increase in concentration of lime was ac- 
companied by the disappearance of the hexagonal forms of hydrated 
calcium aluminate and of the anhydrous phase. The solid residue 
was a mixture of isometric crystals and finely divided reddish material. 

r! 6 a U ai ° f the isometric crystals had the normal refractive index of 
3Ca0.Al 2 0 3 .6H 2 0. A relatively small proportion possessed a higher 



index of refraction, with a maximum value of about 1.637. An X-ray 

determination of the unit-cube size of the product checked the value 

ot pure 3Ca0.Al 2 0 3 .6H 2 0. The quantity of the material of higher 

retractive index was too small to have any apparent effect on the 
pattern. 


The reaction of tetracalcium aluminoferrite with a large excess of 
water appears, therefore, to involve the formation of supersaturated 
sotutions containing CaO and A1 2 0 3 but no Fe 2 0 3 , the precipitation of 
rne Hexagonal forms of hydrated calcium aluminate, and the gradual 
transformation of these forms into the isometric hydrated aluminate 
ipince most of the isometric crystals have the index of refraction and 
the unit-cube size of 3Ca0.Al 2 0 3 .6H 2 0, practically all of the Fe O 

ua^in^fiTrt 4Ca0.Al 2 03 Fe 2 O a must be contained in the accom- 
panying finely divided reddish material. 

wn7L° rder t0 investigate reaction when only a limited amount of 
water is present, a paste of 10 g of tetracalcium aluminoferrite and 5 <* 

e'amtatiofj*S ed “ al ; d ^ fOT « days. Microscopical 

examination of the mixture showed the presence of about 20 percent 
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of unhydrated 4 Ca 0 .Al 2 03 .Fe 2 03 with the alteration products consist¬ 
ing of a mixture of reddish amorphous material and of isometric 
crystals with index of 1.63 to 1.64. 

Because of the increased refractive index, it appears probable that 
this material contained some Fe 2 0 3 in solid solution. As is explained 
in detail later in this paper, an increased unit cell results from the re¬ 
placement, in whole or in part, of the A1 2 0 3 by Fe 2 0 3 in this structure, 
and the increase is in direct proportion to the amount of A1 2 Q 3 re¬ 
placed. An X-ray powder pattern was made of this material, and a 
measurement of the unit cell indicated an increased size, this in turn 
confirming the result of the determination of the refractive index. 

The pure 3Ca0.Al 2 0 3 .6H 2 0 has a unit-cube size of 12.56 A, while 
3Ca0.Fe 2 0 3 .6H 2 0 has a cube of 12.74 A. The hydrate prepared 
from 4Ca0.Al 2 0 3 .Fe 2 0 3 had a cell size of 12.60 A, thus 0.04 A larger 
than that of the pure calcium aluminate hydrate. 

Lerch and Bogue [11] likewise found that the isometric phase from 
4Ca0.Al 2 0 3 .Fe 2 0 3 pastes had a refractive index of 1.640. Their 
failure to find any displacement in its X-ray pattern is probably due 
to the fact that the shift is very small and not easily detected by the 
camera which they used. 

A sample of dry 4Ca0.Al 2 0 3 .Fe 2 0 3 steamed in an autoclave at 
150° C for 6 days still contained a considerable quantity of the an¬ 
hydrous ferrite. The isometric product, as before, had a refrac¬ 
tive index of 1.63 to 1.64 and a unit-cube size, calculated from the 
X-ray pattern, of 12.60 A. The index of refraction of the isometric 
phase is somewhat higher than the value reported by Mather and 
Thorvaldson [12] for the isometric grains obtained by steaming 
4Ca0.Al 2 0 3 .Fe 2 0 3 at 150° C and other temperatures. 

In another experiment, 2 g of 4Ca0.Al 2 0 3 .Fe 2 0 3 was treated with 5 
ml of water at 225° C for 3 weeks. No unhydrated 4Ca0.Al 2 0 3 .Fe 2 0 3 
remained in the product. The index of refraction of the isometric 
phase showed approximately the same variation as before, and a 
determination of the unit-cube size gave a value of 12.62 A. 

5. BEARING OF RESULTS ON PRODUCTS OF HYDRATION OF 

PORTLAND CEMENT 

The foregoing results suggest that the hydration products of the 
tetracalcium aluminoferrite and glass of portland cement belong to 
the solid-solution series described in this paper. Whether or not 
similar hydrates are formed during the reaction with water of the 
silicates and aluminate compounds which may be in portland cement 
has not been proved. However, some recent work reported by 
Bussem [13] indicates that this may be the case. 

A1 ^ c °rding to Bussem, a product having the composition 3CaO. 
Al 2 O 3 . 2 S 1 O 2 .xH 2 O (cf. plazolite, 3Ca0.Al 2 0 3 .2Si0 2 .2H 2 0) is obtained 
on t ^. e a f eact, i°n of limewater on dehydrated kaolin and also when 

f a P # ^0 2 and 3CaO.Al 2 0 3 are precipitated in water. On account 
of the finely divided state of his product, it was impossible to as¬ 
certain microscopically whether it consisted of one, or more than one, 
phase. On heating the material to 1,200° C, it was converted to a 

°f gehlenite (2Ca0.Al 2 0 3 .Si0 2 ) and pseudowollastonite 
(CaO.Si0 2 ). This was advanced by Bussem as proof that the original 
hydrate was a mixture of hydrated gehlenite (2Ca0.Al 2 0 3 .Si0 2 .xH 2 0) 
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and hydrated tricalcium disilicate. However, it would seem at 
leastequally permissible to assume that the original material consisted 
of a single phase, possibly related to the mineral plazolite, which 
decomposed according to the equation: 3Ca0.AI 2 0 3 .2Si0 2 .:rH 2 0 = 
2 C aO. A1 2 0 3 . Si0 2 +C aO. Si0 2 +zH 2 0. 

The possible formation of hydrated calcium aluminosilicate during 
the reaction of water with portland cement-burnt clay and similar 
puzzolan mixtures may explain the high resistance to sulfate action 
of mortars made from such materials. As Lea [14] has pointed out, 
tliis lias long been a perplexing question, since it might have been 
supposed that any increase in the alumina content of the mortar 
would tend to promote formation of additional calcium sulfoaluminate 
and bring about increased deterioration. 


6. SUMMARY OF HYDROTHERMAL STUDY 

It has been shown that the isometric compounds: 3Ca0.Al 2 0 3 . 

6H 2 0, 3Ca0.Fe 2 0 3 .6H 2 0, 3Ca0.Al 2 0 3 .3Si0 2 (grossularite), and 3CaO. 

Fe 2 0 3 .3Si0 2 (andradite), form complete solid solutions with each 

other. Plazolite (3Ca0.Al 2 0 3 .2Si0 2 .2H 2 0) belongs to this series. 

Various members of the group were S3 r nthesized by hydrothermal 

treatment of glasses of the proper compositions and by the reaction 

of iron and aluminum chlorides with boiling calcium hydroxide 
solution. 

The principal product of hydration at elevated temperatures and 
pressures of various glasses representative of compositions of the 
liquid phase of cement clinker at 1,400° C, appears to belong to this 
solid-solution series, as does also the principal hydration product of 
tetracalcium aluminoferrite. Recent investigations reported by 
Biissem indicate that hydrates of the calcium aluminosilicate series 
may be formed during the reaction of mixtures of tricalcium silicate 
and tncalcium aluminate with water. 

Attempts to substitute MgO, MnO, BaO, and SrO for CaO in the 
series, and to replace A1 2 0 3 or Fe 2 0 3 by Cr 2 0 3 , were unsuccessful. 


III. X-RAY STRUCTURE STUDIES 

By Howard F. McMurdie 
1. INTRODUCTION AND METHODS 

It was considered desirable to confirm the solid solutions encountered 
m the foregoing work by a study of the changes in atomic structure 
involved. In most cases, end members of complete solid-solution 
series have atomic arrangements in the same space group, or at least 
m closely related ones, and the change in X-ray pattern from that of 
one end member to another will be gradual. Thus the positions and 
relative mtensities of the lines will change continuously as the composi¬ 
tion vanes and not in steps. 

Also, since the synthesis of garnet has never before been confirmed 

°y -A-ray patterns, it was thought desirable to do so in this investi¬ 
gation. 

Because the crystalline material produced by the hydrothermal 
memo cis used here was mostly very fine grained, powder patterns 
were used exclusively in this work. 
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The samples were mounted on fine glass rods in the center of 
cylindrical cameras having radii of about 5.7 cm, and were rotated 
during exposure. Cu Ka. radiation was used. The radii of the 
cameras were checked by NaCl. The positions of the lines were 
measured to 0.01 cm, and the intensities were estimated. 


2. STRUCTURE OF 3Ca0.Al 2 0 3 .6H 2 0 

The indexed interplanar spacings and relative intensities for the 
lines of 3Ca0.Al 2 0 3 .6H 2 0 are given in table 6. This pattern indicates 
a cubic structure with the side of the unit cube equal to 12.56 A 
± 0 . 02 . 


Table 6 .—Interplanar spacing and estimated and calculated relative intensities of 

3CaO.Al2O3.6H2O 


[a = 12.56 A] 

I VS= very strong; VW=very weak; Af= medium; S=strong; W=weak] 


1 

2 

3 

4 



Estimated 

Calculated 

hkl 

d 

relative 

relative 



intensities 

intensities 

211 

5. 16 

VS 

1,430 

220 

4.47 

M 

510 

321 

3. 37 

M 

600 

400 

3.15 

M 

300 

420 

2 . 81 

M 

930 

332 

(*) 


39 

422 

2.56 

VW 

160 

431 

2. 46 

W 

306 

521 

2. 30 

VS 

1,470 

440 

2.220 

VW 

72 

611-532 

2. 030 

s 

1, 145 

620 

1.992 

VW 

136 

541 

(•) 


48 

631 

(*) 


23 

444 

1.812 

VW 

166 

543 

(•) 


15 

640 

1.741 

w 

270 

633-552-721 

1.711 

w 

340 

642 

1.680 

M 

745 

651-732 

1.600 

VW 

186 

800 

1.571 

w 

230 

840 

1. 405 

w 



• Not obsorved on film. 


As mentioned earlier in the paper, this compound crystallizes in 
various forms, such as cubes, octahedrons, dodecahedrons, and icositet- 
rahedrons. The fact that all these are holohedral forms indicates 
strongly that this compound is in the cubic holohedric class. 

From a study of the plane indices (hkl) in column 1, it is evident 
that in all cases h-\-k+l=2n. This indicates a bodv-centered lattice. 
There are only two space groups in the cubic holohedral class based 
on a body-centered lattice: O® and Oi 0 Space group Oi° also requires 
the absence of all first-order reflections of hkO (such as 130, 350, 
etc.). No such reflections are found in these patterns, and therefore 
it is almost certain that Oi° is the proper space group. 
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Grossularite was found to be in this space group by Menzer [15]. 
He also found eight molecules to a unit cube with a= 11.84 A, and 
atomic positions as follows: 

16 A1 in 16 a ( 0 0 0)[16] 

24 Cain 24 c (1/4 1/2 0) 

24 Si in 24 d (1/4 3/8 0) 

96 O in 96 h Or, y , z) 

with r=0.04, = 0.055, and 2=0.65. 

This structure consists of tetrahedrons with Si atoms at the centers 
and O atoms at the comers, the tetrahedrons being connected through 
Ca and A1 atoms. In grossularite, since there are four O atoms 
for each Si atom, no O atoms are shared by two tetrahedrons, each O 
atom being bonded to one Si and to Ca or A1 atoms. The interatomic 
distances are typical ones for silicate structures. The distance 
between O atoms in a single tetrahedron equals about 2.8 A. The 
distances between A1 atoms and O atoms are 1.9 A, while the Ca-O 
distances are 2.4 A. 

It may be assumed that the structure of 3 CaO.Al 2 O 3 . 6 HoO will 
be similar. The 16 A1 and the 24 Ca atoms can be placed in the same 
special positions as in garnet. The spaces taken by Si will be vacant, 
and the O and H atoms will be in the two sets of the general xyz 
positions with different parameters. Because of the extremely low 
reflectivity of H atoms, it is impossible to place them with any degree 
of accuracy in a structure having as many heavier atoms as this 
compound contains. 

If the same xyz values are assumed for this compound as in gros¬ 
sularite, the effect upon interatomic distances is a general increase 
of every distance proportioned to the increase of the unit cell from 
11.84 A for the garnet to 12.56 A. This is obviously improbable. 
The Ca-O and Al-O distances would be expected to remain almost 
unchanged, and the increased cube size would result not from a 
general increase but from an increase in 0-0 distance resulting from 
the^removal of the Si atoms at the centers of the tetrahedrons. 

Using x= 0.025, y = 0.05, and2=0.64, the 0-0 distances are increased 
from the 2.8 A in garnet to an average of 3.2 A in 3CaO.AI2O3.6H2O. 
■The Al-O and Ca-O distances remain the same as in grossularite garnet. 

These atomic positions were confirmed by calculating the relative 
intensities resulting from this arrangement and by comparing them 
with those estimated from the film. 

The formula 

j _ jp ( 1 +cos 2 2 fl \ 
i **'~ J * \sin 2 0 cos 0 ) 

where 

1= relative intensity 

J=number of cooperating planes in the form 
F = structure factor 
6 =glancing angle 

was used, with James and Brindley’s scattering values [16]. 
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The calculated values of I for all planes possible in O\ 0 with h 2 +k 2 + 
Z 2 <64 are given in column 4 of table 6. The values show good agree¬ 
ment with the estimated intensities. 

3. THE SERIES 3CaO.(Al, Fe) 2 0 3 .3Si0 2 -3Ca0.(Al, Fe) 2 0 3 .6H 2 0. 

As reported in an earlier part of this paper, crystalline products, which 
are between 3Ca0.Al 2 0 3 .6H 2 0 and grossularite (3Ca0.Al 2 0 3 .3Si0 2 ) 
in composition, have been prepared hydro therm ally. Similar com¬ 
pounds, in which part or all of the alumina has been replaced by F e 2 0 3 , 
have also been prepared. All of these compounds are isotropic and 
have refractive indices intermediate between those of the end numbers. 

To confirm the existence of the solid-solution series by X-ray pat¬ 
terns, it is necessary to find that the positions and relative intensities 
of the lines of the patterns are intermediate between those of the end 
members involved. First, patterns of natural garnets of high purity 
were made. The samples of grossularite (3Ca0.Al 2 0 3 .3Si0 2 ) and 
andradite (3Ca0.Fe 2 0 3 .3Si0 2 ) were obtained from the National Mu¬ 
seum, through the courtesy of W. F. Fosliag. Tables 7 and 8 give the 
indexed powder patterns of these compounds. The unit-cube size 
found for grossularite was 11.84 A and that of andradite equaled 12.02 
A. These agree with the published values for these cell sizes [17]. 

It is seen that the increase in unit-cell size due to the complete re¬ 
placement in grossularite of 3Si0 2 by 6H 2 0 equals 12.56 A—11.84 A, 
or 0.72 A. Any compound of intermediate composition must have a 
unit cube between these limits if it is a member of this isomorphous 
series. Table 9 gives unit-cell sizes for various prepared compositions. 
Those containing no Fe 2 0 3 (i. e., 1, 12, 13, 14), and having composi¬ 
tions intermediate between those of 3Ca0.Al 2 0 3 .3Si0 2 and of 
3Ca0.Al 2 0 3 .6H 2 0, in all cases show intermediate unit-cube sizes be¬ 
tween those of the above compounds as end members of this series. 

Table 7 .—Inter planar spacing s and estimated relative intensities of grossularite 

[a = 11.84 =fc0.02 A] 

[VS= very strong; VW=very weak; Af= medium; S=strong: 1V= weak] 


hid 

11 

Estimated 

intensity 

220 

4.14 

VW 

400 

2.98 

S 

420 

2.65 

VS 

332 

2 . 61 

W 

422 

2. 42 

M 

431 

2.33 

M 

521 

2.165 

M 

440 

2. 093 

VW 

611-632 

1.928 

s 

620 

1.871 

VW 

444 

1.711 

M 

640 

1.645 

S 

642 

1.538 

VS 

800 

1.486 

M 

752 

1.337 

M 

833 

1.296 

S 

664 

1.264 

W 

851-784 

1.252 

VW 
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Table 8. —Interplanar spacings of and estimated relative intensities of andradite 

[a = 12.02 ±0.02 A] 

[l r 6T=very strong; very weak; Ai~= medium; <S=strong; TV=weak] 


hkl 

d 

Estimated 

intensity 

220 

4.24 

W 

400 

3.01 

s 

420 

2. 69 

vs 

332 

2.56 

vw 

422 

2.454 

s 

431 

2. 349 

w 

521 

2. 195 

w 

611-532 

1.951 

M 

620 

1.893 

W 

444 

1. 735 

vw 

640 

1.665 

M 

642 

1.606 

VS 

800 

1.506 

w 

840 

1.348 

M 

842 

1. 309 

M 

932-763 

1.249 

M 

941-853 

1.214 

VW 

10.40-864 

1.113 

M 


Table 9. — Unit-cell size of preparations in the garnet-hydrogarnet series 


Sample number 


CaO 


AhOs 


Molar ratio 


FeaO* 


a±0.02A 


SiOi 


HjO 



In the case of number 14, with very little H 2 0 present, the pattern 

approaches closely that of natural garnet in the relative intensities 
as well as in cube size. 

c ^ an SG in cell size resulting from the replacement of A1 2 0 3 by 
be 2 0 3 can be found by comparing the cell sizes of the two natural 
garnets. The change equals 12.02 A —11.84 A, or 0.18 A. 

-Because of the similarity of structure, the same difference in cell size 

ex^ts between 3CaO.A1 2 0 3 .6H 2 0 and 3Ca0.Fe 2 0 3 .6H 2 0. Thus it is seen 
that the cell size of the latter will be 12.56 A (the size of 3CaO. A1 2 0 3 . 

T? <r\ r? -°* 18 . A or 12 74 A - The same cube size for 3CaO. 
i?e a U 3 .ot ± 2 0 is arrived at by considering the increase in size found to 
result from the complete replacement of 3Si0 2 by 6H 2 0 in these struc- 
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t.ures. It was found to be 0.72. Therefore, the cell size of 3Ca().Fe 2 0». 
6H 2 0 will equal 12.02 A (the cell size for 3Ca0.Fc 2 0 3 .3Si0 2 ) plus 0.72 
or 12.74 A. 

As has been explained elsewhere in this paper, it is difficult to prepare 
pure lime ferrite hydrate. It tends to take up silica from the con¬ 
tainer during preparation and appears to be unstable when silica is not 
present. One product, (No. 10), had a cell size of 12.74 A. While 
this sample contained a small amount of silica, it also had an excess 
of CaO. Possibly the silica was not in the hydrate structure but wos 
combined with the extra CaO. A pattern of this sample is given in 
table 10. The cell size of 3Ca0.Fe 2 0 3 .6H 2 0 is therefore believed to 
be near 12.74 A. Eiger [1] reported the cell size to be 12.71 A, stating 
that silica was present in his product. It is probable, therefore, that 
the cell size reported by him is smaller than that of the pure hydrate. 

Table 10. — Inter-planar spacing and estimated relative intensities for 

3Ca0.Fe 2 0 3 . 6H 2 0 

[a = 12.74 ±0.02 A] 

[VS= very strong; V\V= very weak; i\/= medium; S=strong; W=weak] 


hkl 

d 

Estimated 

intensity 

211 

5.20 

M 

220 

4.64 

S 

321 

3.40 

w 

400 

3.19 

s 

420 

2 . 85 

s 

332 

2. 72 

vw 

422 

2.60 

M 

431 

2.50 

VW 

621 

2. 326 

M 

G11-632 

2. 069 

M 

641 

1.988 

W 

631 

1.881 

VW 

543 

1.801 

vw 

640 

1.766 

M 

721-033-532 

1.728 

w 

642 

1.702 

vs 

732-651 

1.615 

vw 

800 

1.590 

w 

822-660 

1.500 

w 

840 

1.425 

M 

842 

1.391 

VW 


Table 9 gives unit-cell sizes of various compositions in this series, 
all being intermediate between the cell sizes of the end members. 
1< igure 7 shows the relation of cell size to composition. 

4. OCCURRENCE OF THE SERIES AS NATURAL MINERALS 

The only compound in the series, besides the anhydrous garnets, 
mown to occur as a natural mineral is plazolite (3Ca0.Al 2 0 3 .2Si0 2 . 

p k + r oi T he crystal structure of this mineral was studied by 
abst [18], who found plazolite to have a unit cube of 12.14 A and to 
nave atomic position in OJ° s imil ar to garnet. 

-Previously plazolite has been reported only from Crestmore, Cali- 
orma In this laboratory it has been identified in massive liille- 
landite from Velardena, Durango, Mexico. 
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The hydrothermal production of garnet in this work gives some clue 
to the method of its formation in rocks. Garnet is not stable at its 
melting point, since a melt of grossularite composition crystallizes at 
atmospheric pressure to anorthite, gehlenite, and wollastonite. 
Garnet largely occurs in metamorphic rocks where there has been 
great pressure and hydrothermal action may have taken place. 


5. SUMMARY OF X-RAY STUDY 


An X-ray study has confirmed the existence of an isomorphous 
series between the four compounds: 


3Ca0.Al 2 0 3 .6H 2 0, 

3 C aO. Fe 2 0 3 .6H 2 0, 

3Ca0.Al 2 0 3 .3Si0 2 , and 
3Ca0.Fe 2 0 3 .3Si0 2 . 

These compounds are all cubic and are in the space group Oi°, with 
eight molecules in the unit cell. The cube size varies from 11.84 A 
to 12.74 A. In this series, six molecules of H 2 0 are interchangeable 
with three molecules of Si0 2 . The replacement of Si0 2 by H 2 0 is 
^ccompanied by an increase in cube size of 0.72 A. A replacement of 
A1 2 0 3 by Fe 2 0 3 results in an increased cell size of 0.18 A. 

The atomic positions in Oi° for 3Ca0.Al 2 0 3 .6H 2 0 are as follows: 


with £=0.025, y= 


16 A1 in 16 a ( 0 0 0) 

24 Ca in 24 e (1/4 1/8 0) 
96 O in 96 h (x, y, z ), 

0.05, and 2=0.64. 
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HYDROLYSIS OF TURANOSE IN ALKALINE SOLUTION 1 


By Horace S. Isbell 


abstract 

Turanose (3-a-d-glucopyranosido-d-fructose) differs from the more common 
disaccharides in that the glycosidic union is on the carbon adjacent to the reducing 
group. The proximity of the reducing group influences the stability of the 
glycosidic union and causes the disaccharide to be particularly susceptible to 
alkaline hydrolysis. On treatment with limewater, turanose undergoes hydrolysis 
rather than a normal Lobry de Bruyn interconversion. In the presence of oxygen, 
in alkaline solution, the sugar is hydrolyzed in large measure and the resulting 
glucose and fructose are oxidized to arabonic acid. On the other hand, lactulose 
(^-d-galactopyranosido-d-fructose) is relatively stable to alkaline hydrolysis, 
and when treated with oxygen in solution containing potassium hydroxide it 
yields the salt of a disaccharide acid, presumably 3-/3-d-galactopyranosido-d- 
arabonic acid. The difference in the behavior of the two sugars illustrates the 
importance of the location of the glycosidic union in relation to the behavior of the 
sugars in alkaline solution. The location of the glycosidic union also affects the 

° f re ^ ction with alka line copper reagents. Copper-reducing values by 
the Munson-Walker method are reported for turanose at several concentrations 
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I. STRUCTURE OF TURANOSE 


For some time doubt lias existed concerning the structure of the 
disaccharide, turanose, obtained by the partial hydrolysis of the 
trisaccharide, melezitose. In 1926 Zemplen and Braun [ 1] 2 prepared 
hendecamethylmelezitose and showed that on hydrolysis it gives 
2,3,4, 6 -te trame thyl-d-glucose and a sirupy tmnethyl-d-fructose 
which ZemplSn and Braun concluded was 1,3,4-trimethyl-d-fructose 
The separation of 2,3,4,6-tetramethyl-d-glucose and 1 , 3 , 4 -tri- 

methyl-d-fructose required that turanose be either a 5 -d-glucopy- 


ChernicarSocfety^t^Dep’oit,^Mfch!?Sei 3 tembt^° 940. f 8ug>r Cheraist ^ Technology of the American 
3 figures in brackets indicate the literature references at the end of this paper. 
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ranosido-d-fructose or a G-d-glucopyranosido-d-fructose. Previously 
Pi id el and Aagaard [ 2 ] had shown that the glucosidic group has the 
alpha configuration. In 1931 Pacsu [3] prepared a tri-triphenylmethyl 
derivative of turanose wliich he considered as evidence of the presence 
of three primary hydroxyl groups. From the work of Zemplen and 
Braun m conjunction with his tri-triphenylmethyl derivative, Pacsu 
concluded that turanose is 5-a-d-glucopyranosido-d-fructose. Subse¬ 
quently 1 acsu [4] reported the preparation of four octaacetates of 
turanose. I he existence of four crystalhne acetates of turanose could 
not be explained if the 5-a-d-glucopyranosido-d-fructose structure were 
correct unless the assumption were made that some of the acetates 
were other than the open-chain and pyranoid types. At that time 
1 acsu concluded that two of the acetates comprise a pair of dia- 
stereoisomenc orthoester derivatives of turanose acetate, and that an 

t iol^ri structur ® accounted for the existence of the four acetates, 
in 1937 Cramer and Pacsu [5] reported a fifth octaacetate and noted 
the similarity of the supposed orthoester derivatives of turanose to 
the normal d-fructose acetates. In light of this similarity and a 

rST 8 * m h<3 P :° Per , fcl ?? of . crystalline 1,3,4-trimethyl-d-fructose 
HI/the properties of the sirupy trimethyl-d-fructose of Zemplen 

i d l i r£ K Un ’ ? acsi1 , and Cramer [7] stated that the structure of turanose 

tW tw e «« mVeS ^ a ^- tWs connection - ^ is of interest to note 
that 1 tw PP i!rentiy did not propose a new structure or state definitely 

structure ^ abandoned fclle 5-a-d-glucopyranosido-d-fructose 

tio^ofWnW 11 and + Pi g. man 18] showed that the mutarotationrreac- 

turanose that the changes in optical rotation which take place when 

take nlace whe l 1VGd i m ' va , fc - er are strictly analogous to those which 

ous ( W en il 1 ° VU 1° 3e 15 dlSsolved . ln water. It was therefore obvi- 

y ? tall me turanose con tarns the same modification of the 

fief t inn e/^ StaUlne levulos e. Sln ce the existence of a furanose modi- 
' °t turanose was not compatible with the 5 -ar-d-glucopyrano- 

was’ldvfne°e S rf ® tru ° ture > the subject was discussed and an argument 

carbon 3 d ° W &t th ® S lucosidic union of turanose is at 

Isb , e11 and Pigman argument consisted in the following points- 
i V e glucosidic group is not attached to carbons 5 or 6 because the 
™ 1S capable of existing in a furanose and a pyranose modification. 

dro-^wl nffiif c 0rn / 1S a dlsa ccharide phenylosazone, and hence the hy- 
/pi y , n , e first carbon of the d-fructose constitutent is free ( 3 ) 

maltosc Cn ?n°ri aZ r 0r if w tuv&IX ° s ^, is different from the phenylosazones of 

therefore the v? 3 ® (^-giucopyranosido-d-gliicosazones), and 

r,/u r +! r j glucosidic group is not attached to carbon 4 . These 

Lmueh^tvf the posltlon of glucosidic group to carbon 3, and bi¬ 
as there was no reason to doubt the validity of the alpha con- 



Isbell] 


Hydrolysis oj Turanose 


37 


figuration and the pyranoid ring of the glucosidic group, Isbell and 
Pigman proposed the structure represented by formula I. 


Gl 8 


X 


HO CH 2 OH 

_ OCH 
H(*:OH 
HC^OH 
— (^H, 


HjC 


X 


HO CH 2 OH 
O^H 


HcioH 

H(ioH 

—(^H, 


HO CH 2 OCH, 


HO^H 
6 H(loH 

H(ioH 

—C^H, 


I. 3-a-d-glucosido-d- 
fructose (turanose) 


II. 3-Methyl-d- 
fructose. 


III. 1-Methyl-J- 
fructose. 


The argument for the 3-a-d-glucopyranosido-d-fructose structure 
depends on the validity of the postulate that a l-d-glucopyranosido-6/- 
fructose would not form a disaccharide osazone, whereas a 3-c?-gluco- 
pyranosido-d-fructose would. Previous to the Isbell and Pigman pub¬ 
lication, Ohle [9j had found that 1-methyl-d-fructose (formula III) 
does not give a 1-methyl-d-fructose osazone, whereas Freudenberg 
and Hixon [10] had found that 3-methyl-d-fructose (formula II) does. 
All precognition supported the postulate that substitution on carbon 
1 inhibits osazone formation, but that substitution on carbon 3 does 
not inhibit osazone formation. Furthermore, Helferich and Bred- 
ereck [11] had reported that the sugar obtained by the deacetylation 
of octaacetyl-l-0-d-glucosido-d-fructose, when heated with phenyl- 
hydrazine, gives a very small quantity of d-glucosazone. Helferich 
and Bredereck did not obtain a disaccharide osazone even though 
their experimental conditions were like those used for the prepara¬ 
tion of turanose osazone. Later Pacsu, Wilson, and Graf [12] rein¬ 
vestigated the reaction of l-/3-d-glucopyranosido-d-fructose with 
phenylhydrazine, and in agreement with the result of Helferich and 
Bredereck, found that on prolonged heating l-/3-d-glucosido-d-fructose 
forms a small quantity of d-glucosazone. Pacsu, Wilson, and Graf 
applied essentially the same argument as that originated by Isbell and 
Pigman and likewise arrived at the 3-a-d-glucosido-d-fructose structure. 

By inspection of formula I it will be observed that the gtycosidic 
group in turanose is attached to the carbon adjacent to the carbonyl 
group. Since turanose is the only naturally occurring disaccharide 
m which this relationship is found, it seemed desirable to compare the 
reactions of turanose with those of other disaccharides. 


II. LOBRY DE BRUYN INTERCONVERSION REACTION 

As shown by the classical work of Lobry de Bruyn and van Eken- 
stein [13] and Nef [14], when d-fructose is treated with alkali it is con¬ 
verted in part to glucose and mannose. One might anticipate that the 
aldehydo form of turanose would yield, according to the following 


* Gl is used to represent the a-d*glucosido group. 
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diagram, 3-a:-d-glucosido-<Z-glucose (formula VI) and 3-a-d-glucosido- 
cZ-mannose (formula VII). However, when turanose was treated 


CH 2 OH 


HCOH 


c=o 


GIOCH 4 

I 

HCOH 

IICOH 


COH 

GIOCH 


HCOH 


HC=0 

HCOH 

GIOCH 

HCOH 


HC=0 

OCII 


HCOH 


HOCH 

GIOCH 

HCOH 


HCOH 


CH 2 OH 

IV. Aldehydo- 
turanose 
(3-a-d-glucos- 
ido-d-fructosc) 

CH 2 OH 

I 

c=o 

I 

HOCH 
HCOGal 5 


H<1 


CHoOH 

V. Turanose 
1,2-encdiol 


HCOH 


HCOH 

I 

ch 2 oh 

VIII. Lac¬ 
tulose 


COH 
HOCH 
HCOGal 
— H(ioH 

I 

ch 2 oh 

IX. Lactulose 
1,2-enediol 


CH 2 OH 

VI. Aldehydo 

3-«-rf-glucos- 

ido-cLglucose 


HC=0 

HCOH 

HOCH 


OH 


CH 2 OII 


VII. Aldehydo 

3-«-c?-glucos- 

ido-d-mannosc 


HC=0 


HOCH 


HCOGal 


HCOH 


CH 2 OH 

X. Lactose 
(aldehydo mod 
ification'i 


HOCH 

HCOGal 

H(ioH 

I 

CH 2 OH 

XI. Aldehydo - 

4-/3-d-galactosido 

d-mannose 


with calcium hydroxide at 35° C, under the conditions which Wolfrom 
and .Lewis [15] found to be most favorable for the interconversion of 
tetramethyl ethers of d-glucose, (Z-mannose, and d-fructose, the 
solution turned dark and it was not possible to isolate a crystalline 
product, bince there was evidence of decomposition, the reaction of 

i ll ? e w *l ter was investigated at a lower temperature. 
zu L the solution of turanose remained clear for several days, and 
it was possible to observe the change in optical rotation. For compar- 
ison, measurements were made also with lactulose (4-0-cZ-galactosido- 
-o-fructose) (formula VIII). The changes in optical rotation 
observed lor the two sugars are represented by the curves given in 
ngure 1. I he increase in dextrorotation displayed by the lactulose 
solution is m accord with a normal Lobr 3 r de Bruyn interconversion • 
tne reaction is merely the reverse of that used for the preparation of 
lactulose from lactose [16]. The results obtained with the turanose 
solution, however, cannot be explained by a Lobry de Bruyn inter- 
conversion, because the 3-a-d-glucosido-cZ-mannose and the 3-oc-d- 

fw°fn,°~ rf ~ glllCOS i e wh V\ h would be formed are more dextrorotatory 

\ vould re quire an increase m dextrorotation rather 

a Wnm e t» 0 f bserve t decrease. The decrease requires the formation of 

tort ?rr^,r> t y T /Vi bs - lCe fc ^® elimination of a strongly dextrorota- 
^ ^ l 3, *ke disacchande were hydrolyzed the dextrorotatory 


s use< ^ represent the cr-rf-glucosido group. 
Gal is used to represent the /9-d-galactosido group. 
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a-d-glucosido group would bo eliminated and an equimolccular mixture 
of d-g lucose and d-fructose would result. This would account for the 
change in optical rotation and is in harmony with other work relating 
to the stability of certain disaccharides in alkaline solution. 

a/ 



Figure 1 . —Optical rotations of 1-percent solutions of turanose and lactulose in 0.04 

N calcium hydroxide at 20° C. 


III. ALKALINE HYDROLYSIS OF DISACCHARIDES 


From an extensive investigation of the sugars in alkaline solution, 
Evans and coworkers [17, 18] came to the conclusion that “it is possible 
for alkaline hydrolysis of oligosaccharides to occur in molecules where 
the biosidic link exists either in the form Q1 -°*c= ? or w h ere the 
structure can be transformed by the alkaline medium to assume that 
arrangement.” The 2,3-enediol of turanose (formula XII) would 
contain the G1 *°- G = group, and according to the theory of Evans 
and coworkers, it should be susceptible to alkaline hydrolysis. Fur¬ 
ther evidence for the alkaline hydrolysis of turanose was obtained from 
a study of the sugar in the presence of potassium hydroxide. 


CH 2 OH 

cioil 

G10$ +H-,0 

I (KOH) 

HCOH 

H(ioH 

ciH 2 OH 


CH 2 OH 

(ioH 

■* gliicose-f-HO(!! 

H(ioH 

H(i'OH 

(!'H 2 OH 


XII. Turanose 2,3-enediol. 


XIII. Fructose 2,3-enediol. 
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When a solution of turanose in 1 iV potassium hydroxide was 
allowed to stand in the absence of oxygen, the solution turned brown, 
and the optical rotation decreased to zero and finally became levorota- 
tory (table 1). These observations are explained satisfactorily by 
the rupture of the disaccharide union. The ^-glucose and d-fructose 
thus formed become enolized and decompose further to give sac- 
charinic acids and dark-colored products. Measurement of the 
amount of free alkali in the solution at various times shows that 
acidic substances (presumably saccharinic acids) are formed in con¬ 
siderable quantity. As the reaction proceeds the reducing power of 
the sugar solution increases to a maximum and then decreases. 
Inasmuch as the reducing power of the d-glucose and rf-fructose 
equivalent to a given weight of turanose is 1.88 times that of the 
disaccharide, the initial increase in reducing power is explained by 
the alkaline hydrolysis. The subsequent decrease in reducing power 
may be attributed to the formation of saccharinic acids which have 
little or no reducing power. Thus the changes in reducing power as 
well as the changes in optical rotation may be explained by the 
hydrolysis of the sugar. 


Table 1 .—Alkaline hydrolysis of turanose by 1 N potassium hydroxide at 25° C 

in the presence of nitrogen 


Time 


Saccharim- 

eter 

reading > 


Moles of 
acid formed 
per mole 
of sugar 


Relative 
copper- 
reducing 
power 2 


Minutes 

2 

30 

77 

150 

300 

715 

1,040 


°S 

+15.41 
+ 10. 73 
+6. 53 
+3.30 
+1.43 
+0. 99 
— 1.01 


. 11 

. 25 
.35 
.42 


.51 


1.000 
1.054 
1.077 
1.080 
1.060 
1.007 
0. 934 


' Samples of the solution were diluted and acidified before the saccharimeter readings were made 
2 Based on the copper-reducing power of the first sample as unity. b e e raacle 


Additional experiments, however, were devised to confirm the ex¬ 
istence of the hydrolytic reaction. The work of Nef [14] and others 
[19, 20] has shown that the oxidation of reducing sugars in alkaline 
solution yields products which throw light on the molecular changes. 
Presumably turanose in alkaline solution gives 1-2 and 2-3 enediols. 
According to the theory of Nef, the 1-2 enediol would give on oxidation 
lonmc and 2-d-glucosido-d-arabonic acids, while according to the ideas 
oi iiivans and coworkers the 2-3 enediol would undergo hydrolvsis 
readily and give a molecule of d-glucose and one of d-fructose. Speng- 
ler, Pfannenstiel, and Nordstrom [21] have shown that potassium 
a-arabonate can be prepared in good yield by the oxidation of either 
d-glucose or a-fructos© with oxygen gas in alkaline solution. Hence, if 
the disacchande m alkaline solution should be hydrolyzed to d-glucose 

trUCt ° Se ’ these . TY ou l d h . e oxidized to potassium d-arabonate: but 
it the sugar were oxidized without hydrolysis, potassium d-glucosido- 
a-arabonate would result. 

nll2^ ati T ,? xpe ™ nen ts with levulose, lactulose, and turanose in 
allcalme soiutaon showed marked differences. Equimolecular quanti¬ 
ties (.0.17 mole) of levulose and of turanose gave 2.9 and 1.8 g, respec- 
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tively, of crystalline potassium d-arabonate, while lactulose did not 
yield any crystalline potassium d-arabonate. The separation of po¬ 
tassium d-arabonate after the alkaline oxidation of turanose shows 
conclusively that under the conditions of the experiment the disac¬ 
charide union is broken, at least in part. The changes in optical 
rotation, copper-reducing power, and acidity in the course of the oxida¬ 
tions of turanose levulose and lactulose, by oxygen are given in table 2. 

Table 2. —Oxidation of sugars by oxygen in alkaline solution at 25° C. 


turanose (3-a-d-glucosido-d-fructose) 

Time 

Saccharimeter 
reading » 

Moles of 
acid 
formed 
per mole 
of sugar 

Copper 
reducing 
power 
of the 
solution 

Minutes 

° S’ 



3 

+15. 31 

0 

1.000 

30 

+10.81 

0.12 

1.061 

120 

+5.15 

.44 

1.031 

150 

+4.73 

.51 

1.025 

225 

+3.32 

.66 

0.052 

300 

+2.84 

.78 

.877 

375 

+2.48 

.85 

.800 

515 

+2.20 

1.00 

.635 

1,230 

+0. 08 

1.22 

.484 

. levulose (d-fructose) 

2 

-0. 73 

0 

1.000 

30 

-8.42 

0.12 

0.801 

75 

-6.50 

.34 

.669 

150 

-4.20 

.44 

.584 

220 

-2.38 

.68 

.418 

300 

-1.15 

.83 

.203 

516 

+0. 42 

.07 

.150 

1,320 

+. 46 

1.02 

.125 

lactulose (4-/9-d-galactosido-d-fructose) 

3 

-10.64 


1.000 

30 

-0.14 

0. 07 

0. 977 

75 

-7.24 

.16 

.926 

150 

-4.64 

.32 

.830 

225 

-2. 40 

.45 

.762 

300 

— 1.01 

.57 

.700 

575 

+1.80 

.60 

.585 

810 

+2.83 

.88 

.488 

1,350 

+3.43 

1.00 

.396 


1 Samples of the solution were acidified and diluted to a definite volume before the saccharimeter readings 
were made. 


The copper-reducing powers of the levulose and lactulose solutions 
decrease from the beginning of the experiment, whereas the copper- 
reducing power of the turanose solution increases to a maximum and 
then decreases. The increase in reducing power observed for turanose 
is similar to that found in the absence of oxygen and presumably arises 
from the hydrolysis of the disaccharide. The optical rotations of the 
levulose and lactulose solutions change in the direction that would be 
anticipated for the change accompanying the conversion of levulose to 
potassium arabonate and of lactulose to potassium 3-d-galactosido-d- 
arabonate. The optical rotation of the turanose solution changes in 
the opposite direction and may be explained satisfactorily by the rup- 
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lure of the disaccharide union and the subsequent oxidation of the 
liberated glucose and fructose. 

Before considering the reactions of turanose further, it is of interest 
to note the behavior of melezitose in alkaline solution in the presence 
of oxygen. Melezitose differs from turanose in that the reducing 
group in the fructose constituent is blocked by combination with a 
glucosidic group, and hence it cannot form an enediol. When a sample 
of melezitose was dissolved in aqueous potassium hydroxide at 20° C 
in the presence of oxygen, the optical rotation did not change in the 
course of three days, and after this time nearly all of the melezitose was 
recovered unchanged. The stability of melezitose under conditions 
which lead to the cleavage of turanose is further evidence that the 
sensitivity of turanose to alkaline hydrolysis is related to the presence 
of a free reducing group in the vicinity of the glycosidic union. It 
seems probable that similar glycosidic linkages in other naturally occur¬ 
ring products will prove relatively stable to alkaline hydrolysis as lono* 
as the carbonyl group is not free. Partially hvdrolyzed substances 
containmg free reducing groups in the vicinity of the glycosidic unions 
however, will prove susceptible to alkaline hydrolysis. ’ 


IV. COPPER 


-REDUCING POWER OF TURANOSE AND 
OTHER DISACCHARIDES 


A comparison of the reducing powers of turanose with those of 
other sugars provides information concerning the behavior, of the 
disaccharides in alkaline solution. Previously Isbell, Pigman, and 
brush [ 22 ] determined the reducing powers of 32 sugars, using a modi¬ 
fied beales method and a copper-citrate reagent buffered with sodium 
carbonate Turanose was found to have the lowest reducing power. 

It will be noted from the values given in table 3 that the relative 
molecular reducing powers of the 4-hexosidohexoses and 6 -hexosido- 
hexoses are about 1.4 and 1.2, respectively, while the molecular 
reducing power of turanose is only 0 . 8 . This low reducing power 
must arise from the unusual structure of turanose. The oxidation 

alkaline copper reagent can be considered to 
involve ( 1 ) the oxidation and degradation of the reducing portion of the 

QnhQ^r, 16 ’ f nd vi 2 l- the hydrolysis of the disaccharide union and the 
subsequent oxidation of the fragments set free by hydrolvsis The 

oxidation and degradation of the reducing portion of the molecule 

are restricted by the position of the disaccharide union. Without 

Kn lyS1S 9 f the disacchande union, a 3-glucosidofructose, such as 

, 4-glucosidofructose might yield formaldehyde, glycol aldehyde 

glycosidic group on carbon 3, turanose would give fewer reducing 

lfsted IS taMe 3 ° Ut Fo^ d th ?ySiS than .. an ? ° f £ he other disaccharidef 
istea in table 3. lor this reason it might be expected to p-ive the 

hyTolyStf UC 1 TL P ™ r enT ith d ° not cause “tensive 

havlo^f t£ garS ’ h ^ W6Ver ’ are Stro ^y alkaline“andfrom Te be- 

El e r C e° n oft d d 

that of S 0 ^ 0 nZX 
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Hydrolysis oj Turanose 

2.1. The low reducing power (0.8), which was found experimentally, 
clearly shows that, under the conditions used, the sugar is not com¬ 
pletely or even largely hydrolyzed prior to oxidation. Supposedly 
oxidation and hydrolytic reactions take place simultaneously. At 
low temperatures in the absence of a vigorous oxidizing agent, the 
lrydrolytic reaction predominates. But at boiling temperatures in 
the presence of a copper reagent, the sugar is oxidized in large measure 
without hydrolysis, and the product does not appear to be hydrolyzed 
and degraded further. In other words, the low reducing power of 
turanose seems to arise from the formation of some product which is 
relatively inert in respect to the alkaline copper reagent. I his 
product may be 2-glucosidoarabonic acid which would arise from 
turanose 1,2-enediol (formula V). The 2,3-enediol (formula XII) 
would be susceptible to alkaline hydrolysis. Since the relative 
molecular reducing powers of the 4- and 6-liexosidohexoses listed m 
table 3 are greater than 1, the glycosidic portion of these disaccharides 
must contribute to the reducing power, and some hydrolysis must 
take place. Cleavage of the disaccliaride may require that the re¬ 
ducing part of the molecule be first degraded to an intermediate 

substance which can give the G10-C = group that Evans and co¬ 
workers [18] have shown to be susceptible to alkaline hydrolysis. 
In substances containing this group, degradation and hydrolytic 
reactions may take place simultaneously. Probably the low reducing 
power of turanose is caused by the lack of the extensive degradation 
reactions and not by a lack of hydrolysis. The comparatively low 
reducing power of the 6-hexosidohexoses, on the other hand, may be 
explained by a lack of sensitivity to alkaline hydrolysis. This 
lack of sensitivity to alkaline hydrolysis may be due to the location 
of the glycosidic union at a point which is unfavorable for the formation 

of a Gl-0-C = group. 

Measurements of the reducing power of turanose under different 
conditions gave results which varied considerably and showed that 
the amount of reduction depends in large measure on the method em¬ 
ployed. The relative reducing power of turanose on a weight basis by 
the Munson-Walker method [23] (table 4) varies with concentration 
from about 0.53 to 0.56; by a modified Scales method [22] the relative 
reducing power is only 0.41. Presumably the higher value obtained 
with the Munson-Walker method is due to more hydrolysis, caused by 

the higher alkalinity of the reagent. . . 

It was mentioned, in connection with the interpretation ot the 
analytical data for the alkaline hydrolysis of turanose, that when a 
turanose solution is treated with alkali the copper-reducing power in¬ 
creases, and that this increase in reducing power is caused by the 
hydrolysis of the sugar. Since on hydrolysis one molecule of turanose 
yields one molecule of glucose and one molecule of fructose, the reduc¬ 
ing power of hydrolyzed turanose is equal to that of a corrresponding 
quantity of invert sugar. A calculation from the Munson-Walker 
values [23, 24] for the reducing power of invert sugar shows that the 
quantity of invert sugar which would be obtained by the hydrolysis of 
0.1 g of turanose would yield 0.2274 g of cuprous oxide. This is 1.88 
times the quantity of cuprous oxide produced by 0.1 g of turanose. 
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Table 3. —Relative reducing powers of disaccharides 1 



Relative reducing 


power. Glucose = 1 

Sugar 




Molecular 

Weight 


basis 2 

basis 


4-/3 -d 
4 -0-d 
4-cc-d 
4-/3 -d 
4-/3 -d 
4-0-d 
6 -0-d 

6 -ce-d 

3-ct-d 


Glucosido-d-mannose_ 

Glucosido-d-glucose (collobiose) 

Glucosido-d-glucose (maltose)_ 

Galactosido-d-glucose (lactose)___ 
Galactosido-d-fructose (lactulose) 
Galactosido-d-altrose (neolactose) 
Glucosido-<i-glucose (gentiobiose) 
Galactosido-d-glucoso (melibiose) 
Glucosido-d-fructose (turanose)... 


1.49 
1.47 
1.39 
1.42 
1.39 
1.44 
1.20 
1.18 
0. 77 


0. 78 
.77 
.73 
.75 
.73 
.76 
.63 
.62 
.40 


a “determined by Isbell, Pigman, and Frush f22J with an alkaline copper-citrate rpaeent 
d-gluccfseTto 0 that produced *by K^&^. quant!ty ° f the SUgar ’ “Secularly equivalent to 15 mg of 


Table 4. 


Comparative reducing power of turanose and glucose (Munson-Walker 

method) 


Turanose 

Milligrams 
of cuprous 
oxide pro¬ 
duced by 
sample 

Glucose 1 
equivalent 
to same 
quantity of 
cuprous oxide 

Mg 

100 

121.1 

52. 9 

200 

239.4 

107.9 

250 

299.8 

137.3 

350 

414.5 

195.7 


Relative 
reducing 
ratio. 2 
Glucose = 1 
(weight basis) 


0. 529 
.539 
.549 
.559 


1 J? ata from the work of Hammond [ 24 ]. 

give lite r r edu t ctio5 0dUCinS rati °” iS thc ratio of the wciRht of dextrose to the weight of turanose required to 

V. EXPERIMENTAL DETAILS 

1. PREPARATION OF THE SUGARS 

^%° Se ^ e ™ elezitose was , Prepared in 1928 in collaboration 
Witii b. Hudson from some melezitose honey [251 kindlv sunnlied 

of AerSfltur 0 / B ®? Cult ^ investigations, United States Department 
tv .^1 *^ 1CUltUre * ^ r 9 m 250 kg of melezitose honey 13 k h of Dure 

^nd ulTin a tbi?- tame f-- t A Part r° f the mateHal ^as recfystallized 
gave^a] |?=+S.2 mVe lga D ‘ a 4_perCent a queous solution it 

and'Pafsu e r 2 fil The nr 1 f'rn ?e preparod , the method of Hudson 

ea L> ‘ -Brauns, who was the first [26, p. 25211 to discover 

sirup (f a o-T490i a ^Xvvf S ° lutl ?. n containing 100 g of turanose to l 

was seededtnfkehf f° h ° llC solution was allowed to cool, after whichlt 
In a 4 -nprcpr,f kpt f severa 1 1 da ys while crystahization took place. 
[q,] 20 = I 27 o solution, the resulting crystals gave 

eiaibrtum'va£e "“-f 75 8 8 ” B " g " ““ °° UrSe ot “ h »” *° “ 
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Lactulose. —The lactulose was prepared by the method of Mont¬ 
gomery and Hudson [16] without the use of seed crystals. The prod¬ 
uct was recrystallized by essentially the same procedure as that used 
for turanose. In 4-percent, aqueous solution the material gave 
[a] i?= —11.9 initially, changing in several hours to —50.7. 

2. ALKALINE HYDROLYSIS OF TURANOSE IN THE PRESENCE OF 

NITROGEN 

A sample of pure crystalline turanose (5.7 g) was dissolved in 50 
ml of 1 N potassium hydroxide solution, with stirring, while a small 
stream of nitrogen was bubbled through the solution, which was 
kept at 25° C. From time to time, 5-ml samples of the alkaline solu¬ 
tion were taken and mixed quickly with 10 ml of 0.5 N hydrochloric 
acid. Time was measured for each sample, beginning with the dis¬ 
solution of the sugar and ending with the addition of the liydro- 
cliloric acid. The optical rotation of the acidified solution was read 
with a Bates saccharimeter in a 2-dm tube at 20° C. A 10-ml portion 
of the solution used for the optical rotation measurement, was 
transferred to a 50-ml graduated flask and titrated with 0.2 N potas¬ 
sium hydroxide, using phenolphthalein as an indicator. The volume of 
the original sugar solution was 54 ml and the sample for each titration 
corresponded to 3.33 ml of the original sugar solution, or 0.00103 
mole of sugar. After the titrations were completed, the solutions 
were diluted to 50 ml and reducing-sugar determinations were made 
by the Munson-Walker method. The weights of cuprous oxide ob¬ 
tained from 20 ml of the diluted solution were divided by the weight 
of the cuprous oxide obtained from the sample taken at the beginning 
of the experiment to give the “relative copper-reducing power.'’ 
The results are given in table 1. 

3. OXIDATION OF TURANOSE, LACTULOSE, AND LEVULOSE IN 

ALKALINE SOLUTION 

The oxidation experiments were conducted essentially like the 
alkaline hydrolysis described in the preceding section, except that 
oxygen gas was used in place of nitrogen and larger quantities were 
employed in order to provide material for the isolation of the product. 
In these measurements, 0.033 mole of the sugar was dissolved in 100 
ml of 1 JV potassium hydroxide, and the solution was kept saturated 
with oxygen. The optical rotations, moles of acid formed per mole of 
sugar, and the copper-reducing values were measured in the same man¬ 
ner as in the experiments in the presence of nitrogen. The methods are 

described in the preceding section, and the results are recorded in 
table 2. 

After the oxidation experiment had proceeded for 22 hours, the 
reaction was stopped by saturating the alkaline solution with carbon 
dioxide. To isolate the product, 50 ml of the solution was concen¬ 
trated to a sirup, which was diluted with alcohol and seeded with 
crystalline potassium arabonate. The sample from the levulose 
experiment gave 2.9 g of crystalline potassium arabonate, while that 
from the turanose experiment gave 1.8 g. The experiment with 
lactulose did not yield any crystalline potassium arabonate even 
though a careful search was made. The product in the evaporated 
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solution from the lactulose experiment was precipitated by the 

addition of ethyl alcohol as a light-colored sirup which has failed 

to crystallize. Before hydrolysis, the sirupy product did not 

reduce Fehlmg’s solution. After boiling for a few minutes with 

aqueous hydrochloric acid, the hydrolyzed product gave a strong 

test for reducing sugar. These observations may be explained by the 

pi esence of a bionic acid, presumably 3-/3-<i-galactosido-<i-arabonic 
acid. 
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PREPARATION OF ^-MANNOSE 


By Horace S. Isbell 


ABSTRACT 

An improved method for the preparation of d-mannose from ivory-nut shavings 
is reported. This method differs from previous ones in that the sugar is crystal¬ 
lized from a mixture of methyl and isopropyl alcohols. The yield of crystalline 
sugar, based on the weight of ivory-nut shavings, is approximately 35 percent. 


Although several investigators [1, 2, 3, 4, 5, 6, 7] 1 have given direc¬ 
tions for the preparation of d-mannose from ivory-nut turnings, ob¬ 
tained from button factories, the methods are not entirely satisfactory. 
Various workers have prepared large quantities of mannose by the 
method of Hudson and Sawyer [3]; but, as pointed out by Hudson and 
Jackson [7], the results have not been consistently good. Hudson and 
Jackson sought to improve the method by first preparing pure crystal¬ 
line a-methyl d-mannoside from vegetable ivory and then converting 
the pure glycoside to d-mannose. The process, although successful, 
requires two hydrolyses and considerable labor. At various times 
during the past 10 years the writer has had occasion to prepare crystal¬ 
line d-mannose and has made certain improvements in the method. 
With these improvements it is possible to obtain consistently good 
results in the preparation of the sugar without the intermediate prepa¬ 
ration of the methyl glycoside or other derivative. The method used 
is similar to that described by Clark [4] but differs in that the sugar 
solution is purified by precipitation of impurities with a mixture of 
methyl and isopropvl alcohol. 

Method .—One kilogram of screened ivory-nut shavings 2 is mixed 
with 1 kg of cold 75-percent sulfuric acid (430 ml of concentrated 
sulfuric acid and 250 ml of water). The material is triturated 
until the sulfuric acid is uniformly distributed, and allowed to stand 
until the next day, preferably at about 35° C. The mass is then 
dissolved in 10 liters of water, and the solution is filtered through 
cheesecloth. The filtrate is heated to boiling for 6 hours while the 
volume is maintained approximately constant. The hot liquid is 
then neutralized with barium carbonate, using a commercial antifoam 
agent or capryl alcohol to reduce foaming. After the addition of 
200 g of a decolorizing carbon, the barium sulfate is allowed to settle 
and is separated by filtration. The filtrate is evaporated in vacuo to a 
sirup of about 85-percent total solids (nj°= 1.503). This sirup is 
thoroughly mixed with 1 liter of warm methyl alcohol, after which 

j Jpw br ® ck ® ts indicate the literature references at the end of this paper. 
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the solution is diluted with 2 liters of isopropyl alcohol. 3 This 
results in the precipitation of some gummy amorphous material, 
which is separated by decantation. The larger part of the mannose 
is in the alcoholic extract; that in the gummy residue is separated by 
triturating the gum with 250 ml of methyl alcohol and then adding 
500 ml of isopropyl alcohol. The mixture is allowed to settle, and 
the insoluble residue is separated from the alcoholic extract. The 
residue thus obtained is given a second treatment with methyl and 
isopropyl alcohols, and the alcoholic extracts are combined. After 
the addition of about 50 g of a decolorizing carbon, the solution is 
filtered and evaporated in vacuo. Crystalline a-d-mannose usually 
separates as the solution becomes concentrated. The evaporation is 
continued until a massecuite is obtained, whereupon evaporation is 
stopped and the crystals are separated. If crystallization does not 
occur spontaneously, the thick sirup is diluted with 200 ml of methjd 
alcohol and seeded with a-d-mannose. About 250 g of crystalline 
mannose separates in the first crop and approximately 100 g additional 
may be obtained by evaporating the mother liquors to a thick sirup 
containing about 85-percent total solids. The thick sirup is taken 

up in methyl alcohol and brought to crystallization by seeding with 
a-r/-mannose. 

Recrystallization. —One hundred grams of crude mannose is dis¬ 
solved in 100 ml of water. After the addition of a few drops of acetic 
acid and 5 g of a decolorizing carbon, the solution is filtered and evapo¬ 
rated in vacuo to a heavy sirup (n£°= 1.511). The sirup is mixed with 
50 ml of warm methyl alcohol, followed by 200 ml of a mixture con¬ 
taining equal volumes of methyl and isoprop 3 d alcohols. The sirup 
is decanted from any gummy material, filtered, if necessary, and then 
seeded with about 0.5 g of a-cf-mannose and allowed to crystallize, 
preferably while kept in motion. In the course of 1 or more days, 
about 75 g of the crystalline sugar separates. By concentrating the 
mother liquor and repeating the process, nearly all of the mannose 
can be separated in the ciystalline state. 

In 4-percent aqueous solution a-rf-mannose gives [c*]d°= +29.3 

initially, changing in the course of several hours to an equilibrium 
value of +14.2. 

1] R. Reiss, Ber. deut. chem. Ges. 22, 609 (1889). 

oi Tv o is -?r her and Hirschberger, Ber. deut. chem. Ges. 22, 3218 (1889). 
i Hudson and H. L. Sawyer, J. Am. chem. Soc. 39, 470 (1917). 

4 E. P. Clark, J. Biol. Chem. 51, 1 (1922). 

5 Harding, Sugar 25, 583 (1923). 

H. M. Horton, J. Ind. Eng. Chem. 13, 1040 (1921). 

L7J C. S. Hudson and E. L. Jackson, J. Am. Chem. Soc. 56, 958 (1934). 

Washi ngton, October 25, 1940. 
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EFFECT OF HEAT TREATMENT AND COOLING RATE ON 
THE MICROSCOPIC STRUCTURE OF PORTLAND CEMENT 
CLINKER 

By George W. Ward 


ABSTRACT 

Ten commercial portland cement clinkers with their slowly and quickly cooled 
counterparts were examined microscopically. Methods are given for the con¬ 
duction of the microscopical examination. 

The appearance of the clinker phases after the different heat treatments is 
described and the structure of the clinkers discussed. 

In general, for all clinkers, the phase compositions as calculated with consider¬ 
ation of glass agreed better with the microscopically determined phases than did 
those based upon the calculations in which complete equilibrium crystallization 
was assumed. The microscopically determined 3Ca0.Si0 2 was nearly always 
greater and the 2Ca0.Si0 2 lower than that calculated by either of the other 
methods. The 3Ca0.Al 2 0 3 was always less than that calculated from chemical 
analyses. Generally the 4 Ca 0 .Al 2 0 3 .Fe 20 3 found microscopically exceeded that 
calculated by either of the other methods. The glass determined microscopically 
and the values obtained from the heat of solution method agreed better for slowly 
and plant cooled than for quickly cooled clinkers. 
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I. INTRODUCTION 

Investigators have recognized that the relative proportions of the 
phases in portland cement clinker exert an important influence on the 
properties of the resulting concrete. In recent years successful 
attempts have been made to vary the relative proportions of the con¬ 
stituents by changing the cooling rate of clinker [l]. 1 Correlations 
between calculated clinker compositions assuming complete crystal¬ 
lization and the physical properties of the resulting cements have not 

1 Figures in brackets indicate the literature references at the end of this paper. 
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been precise. Comparisons between calculated and microscopically 
determined phase compositions of commercial clinkers have been pub¬ 
lished recently [2]. 

In the present report data are presented upon variously heat- 
treated clinkers as well as the plant products. New information was 
gained on the microscopic structure of portland cement clinker. The 
effects of heat treatment, particularly the rate of cooling, on the phases 
present are described. Correlations are made between observed 
phases and calculated phase compositions. 

1. HEAT TREATMENT 

Ten samples were taken from a series of 26 commercial clinkers 
which covered the range of compositions found in commercial practice. 
One portion of each clinker, designated as P or ‘‘plant” clinker, was 
examined in its original condition. A second portion of each clinker 
was reheated in an experimental rotary lain (5 in. by 8 ft) at a 
temperature of 1,400° to 1,425° C (2,552° to 2,597° F) and cooled to 
1,250° C (2,282° F) in 2 to 3 minutes in order to yield a maximum 
amount of glass. This quickly cooled clinker was designated as Q. 
A third portion was reheated to the same temperature in a laboratory 
batch kiln and cooled to 1,250° C (2,282° F) at a uniform rate in 
about 3 hours in order to yield a minimum of glass. This slowly 
cooled clinker was designated as S. The heating and cooling were 
carried out under oxidizing conditions. The 10 random clinkers with 
their variously heat-treated counterparts gave 30 samples for study. 

2. METHODS OF EXAMINATION 

The clinkers were studied microscopically and were analyzed 
chemically. 2 The investigation with the microscope included exam¬ 
ination of powders, thin [3] and polished thin sections [4], together 
with variously etched polished specimens [4, 5, 6]. 

Quantitative measurements were made using etched, polished 

specimens suitably mounted in Bakelite resin [6]. When ready for 

examination the surface of each specimen contained from 15 to 20 

clinker particles. All quantitative measurements were made with a 

V\ entworth [7] micrometer attached to the microscope stage. Each 

value reported was the average of five equally spaced traverses on 
each of five mounts. 

The etchants proposed by Tavasci [4] and Insley [5], with modifi¬ 
cations m some instances, were found to be generally satisfactory. 

Grlass was determined microscopically after a water etch followed 
by 1-percent nitricacid-alcohol solution, and after an etch by 10-per¬ 
cent potassium hydroxide in water [8]. 

II. DESCRIPTION OF CLINKER MINERALS 

* vai *^° 1 us clinker phases are described below as they appeared in 
etched polished specimens when viewed microscopically by reflected 

Fl g ur es 1, 2 and 3, although used to illustrate the typical 
appearance of all clinkers after the various heat treatments, represent 

* Analyses by C. L. Ford, Portland Cement Association, Chicago, Ill. 




Figure 1.* —Typical slowly cooled clinker. 

U'aO.Si() 2 ; 2, 0 — 2Ca0.Si0 2 ; 3, 3CaO.Al 2 Ch; 4, 4CaO.AbCb.FeaOj; 5, MgO. Distilled water and nitric* 

acid etch. Magnification Xo(K). Hellccted light. 
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1.3Ca0.Si0 2 ; 


Figure 3. — Typical quickly cooled clinker. 



0-2CaO.SiO 2 ; 5, MgO; 
tilled water and nitric ac 


7, glass and light interstitial material. 4Ca0.Al-0 3 FC 2 O 3 
id etch. Magnification X500. Reflected light. 
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Effect of Cooling Rate on Structure of Clinker 

specifically the changes effected in sample 3 by slow, plant, and quick 
cooling, respectively. 

1. FREE LIME 

Free lirne (CaO) etched readily after 1 minute s exposure in 1—3 
water-alcohol. It appeared as dark gray, almost black, rounded, or 
elliptical grams with no zoning, twinning, or inclusions. It occurred 
as inclusions m 3Ca0.Si0 2 and in the interstitial material. As the 
cooling became slower the amount of free lime decreased 

In general free lime was the first phase to crystallize. However in 

™°i ed where the cooling occurred at a uniform rate 

from 1,450 to 1,250 C in about 3 hours, some of the free lime crystal- 
lizBu alter 3C^aC3.Si02. 

2. MAGNESIA 

Magnesia, or penelase (MgO), was observed without etching as 
brilliant crystals of high relief occurring well distributed throughout 

cooled clinkers as inclusions in 3Ca0.Si0 2 . As the cooling became 
slower crystal form became more prominent, octahedrons being found 
in slowly cooled clinker Cracking around the rims of the grains 
almost always occurred, but it tended to decrease in quickly cooled 
clinkers, possibly because of the small crystal size in that type of 
clinker. By actual measurement of many periclase particles, their 
average size was found to be greater in slowly cooled than in plant- 

dinkers lmkers > and larger in plant-cooled than in quickly cooled 

3. TRICALCIUM SILICATE 

Tricalcium silicate (3Ca0.Si0 2 ) etched as dark gray, almost black 
crystals after 3 to 5 seconds agitation in 1-percent HN0 3 -alcohol 
mixture. Probably because of difference in orientation, a few crystals 
etched to a lighter color. It was commonly the most abundant phase 
in slowly cooled clinkers it tended to be completely or partially in¬ 
cluded in tncalcium aluminate crystals. The development of good 
crystal form was observed to decrease with increased rate of coolimr. 

/? 9 P«n°^n 10n ° f 3CaO Si °2 and . resulting precipitation of 
P3^aU.biU 2 were more prominent m slowly cooled than in plant- 

cooled clinkers and only very limited in quickly cooled clinkers This 

re-solution was indicated by embayed tricalcium silicate with dicalcium 

silicate occupying the bays and frequently by fringes of dicalcium 

silicate around tncalcium silicate. The particularly food examples of 

partial and complete pseudomorphs of dicalcium silicate after tri- 

re-soh^tion 1Cate m specimens ^ P and 7P were other indications of 

The tendency to form twins or to be zoned decreased as the coolim- 
became more rapid. Good examples of simple twinning were found in 

firm y r CO< 7 led . and plant - c ° ol . ed chnkers with a greater number in the 

- i four zones not unusual, but it was developed to a lesser 

cooled sampjcs lant CO ° ed product and was rar dy observed in quickly 

lan^C^mont'winkcr^^rr^c.^ra^So^TestlDg MiCT0St '" 
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Inclusions of dicalcium silicate, magnesia, and free lime, sometimes 
accompanied by tetracalcium aluminoferrite, frequently occurred in 
tricalcium silicate irrespective of heat treatments. In a few instances 
periclase inclusions had dark halos, possibly indicative of solution in 
tricalcium silicate. In clinkers 4P and 4 Q a special type of inclusion 
arranged to simulate complex twinning, as seen in dicalcium silicate, 
was noted. Because of their small size, it has not been possible to 
identify these inclusions, although they resemble in arrangement and 
general appearance the crystallization of calcium ferrite from trical¬ 
cium silicate found by Anderson and Lee [9] in slag. This phenomenon 
is illustrated in figure 4. 

4. DICALCIUM SILICATE 

Dicalcium silicate (2Ca0.Si0 2 ). /3-Dicalcium silicate appeared 
without good crystal form, generally as spherical or elliptical crystals, 
which etched readily in 1-percent nitric-acid-alcoliol solution. Their 
distribution was generally good, but in some clinkers there was a strong 
tendency to form large groups. Commonly /3-dicalcium silicate 
occurred closely associated with tricalcium silicate as fringes, as 
inclusions, as pseudomorphs, or occupying embayments. 

In quickly cooled clinkers, dicalcium silicate with complex twinning 
was the most frequently observed form of this phase. Occasionally 
free lime was found as inclusions, and tetracalcium aluminoferrite 
appeared along twinning planes and in cracks. Simplicity of form, a 
general lack of inclusions, and fewer irregularities characterized the 
dicalcium silicate of quickly cooled clinkers. 

In slowly cooled clinkers, dicalcium silicate untwinned and with 
simple multiple twinning was more prominent. Frequently twinning 
extended out past the usually rounded-particle boundary to give a 
many-fingered appearance to the grain. It was not unusual for 
twinning to be indicated by an arrangement of small unidentifiable 
inclusions. Dicalcium silicate was often cracked radially and some¬ 
times completely separated by cracking or embayment. The appear- 
ance of dicalcium silicate, in plant-cooled clinker, was characteristic 
oi that found in either slowly or quickly cooled clinkers, since plant 
cooling was intermediate between these two cooling rates. 

Y-Dicalcium silicate, sometimes in considerable amounts, was 
observed only in slowly cooled clinkers. 


5. DARK INTERSTITAL MATERIAL 


Dark interstitial 
(identified as 3CaO 
glass. 


material consists of three types: rectangular 
•A1 2 0 3 ), dark prismatic interstitial material, and 


..^™ ca lczum aluminate (3CaO.Al 2 0 3 ) etched readily in freshly dis¬ 
tilled water to dark-gray rectangular masses, occasionally showing 

Ennf Ut T S ’ a wt Was often intimately associated with tetracalcium 
aluminoferrite. Where present it was distributed throughout the 
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clinker structure and sometimes completely occupied the interstices. 
Roughly square or rectangular shapes were generally observed, but 
irregular areas appeared sometimes with the trace of one crystal face. 
There was no evidence of corrosion, twinning, or zoning. The in¬ 
clusions were dicalcium silicate, tricalcium silicate, and infrequently 
periclase. Small, scattered, bubble-like inclusions of what may be 
tetracalcium aluminoferrite occurred. 

Tricalcium aluminate was found in slowly cooled clinkers when 
the Al 2 0 3 -Fe 2 0 3 ratio was 1.63 or greater, and not in those of A1 2 0 3 - 
Fe 2 0 3 ratio 0.97 or less. In the group studied, clinkers having A1 2 Q 3 - 
Fe 2 0 3 ratios between 0.97 and 1.63 were not available. 

Only two of the plant-cooled clinkers contained tricalcium alumi¬ 
nate. One of these had an Al 2 0 3 -Fe 2 0 3 ratio of 1.89 and a low total 
alkali content (0.22 percent). The other had an Al 2 0 3 -Fe 2 0 3 ratio 
of 2.91, the highest in this group, and a total alkali content of 1.00 
percent. In this latter case, only a small percentage of the trical¬ 
cium aluminate calculated to be present at crystalline equilibrium 
appeared. In quickly cooled clinkers tricalcium aluminate was not 
found. 

Prismatic dark interstitial material when etched in freshly distilled 
water appeared as dark-gray, almost black, elongated crystals, fre¬ 
quently with darkened edges. It showed no corrosion, twinning, or 
zoning. Occasionally the crystals were bordered by ragged, weakly 
etched dark interstitial material which was identified as glass. Scat¬ 
tered crystals and aggregates appeared throughout the clinker as 
slender, needle-like, and large, poorly terminated crystals. Fre¬ 
quently they terminated against silicates. In thin sections viewed 
with transmitted light these crystals were anisotropic with a bire¬ 
fringence of about 0.010 and parallel extinction. Their refractive 
indices were close to 1.72 [6]. 

Prismatic dark interstitial material was much more abundant in 
plant-cooled than in slowly or quickly cooled clinkers. The quantity 
of this constituent appeared to be influenced by the rate of cooling. 
The high glass content of quickly cooled clinkers indicated that rapid 
cooling prevents crystallization of prismatic dark interstitial material, 
since this compound is one of the last to crystallize. This phase was 
more frequent in occurrence and better in development for high 
Al 2 0 3 -Fe 2 0 3 ratio clinkers containing appreciable amounts of Na 2 0 
and K 2 0 either alone or together. 

Glass is revealed by etching with 10 percent KOH [8]. The etch- 
ability of glass in other reagents depends on its composition. For 
instance, glass low in iron is readily etched with water followed by 
1 percent HN0 3 in alcohol, and glass high in iron is unaffected by this 
etchant method [10]. 

The amount of glass varied greatly with different cooling rates. 
In slowly cooled clinker it occurred infrequently and was seen edging 
prismatic dark interstitial material. In plant-cooled clinker it 
occurred as irregular areas, blebs, small veinlets, and frequently as a 
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jagged sheath around dark prismatic crystals. Etched, quickly 
cooled clinkers revealed glass as ragged areas, blebs, and veinlets. 
Occasionally it had a roughly prismatic form due to prior crystalliza¬ 
tion of tetracalcium aluminoferrite prisms. When in the form of 
blebs, it frequently gave the light interstitial material a mottled 
appearance which made difficult its differentiation from tetracalcium 
aluminoferrite. 

6. TETRACALCIUM ALUMINOFERRITE 

Tetracalcium aluminoferrite (4Ca0.Al 2 03.Fe20 3 ) was unaffected by 
most etchants and appeared as light interstitial material intimately 
associated with dark interstitial material. 

In the clinkers investigated, tetracalcium aluminoferrite was the 
last crystalline phase to appear except in compositions of low AJ 2 0 3 - 
Fe 2 0 3 ratios, where the tricalcium aluminate gave every indication 
of having been the last phase to crystallize. 

In slowly cooled clinkers well-developed prisms of tetracalcium 
aluminoferrite were easily recognized in thin sections. The prism 
forms varied with the Al 2 03-Fe 2 0 3 ratio—large, broad forms pre¬ 
dominating in clinkers of low ratio and small needle-like forms in 
those of high ratio. There was very little change from the amber 
color and slight pleochroism of the pure compound. 

In quickly cooled clinkers tetracalcium aluminoferrite appeared 
as long, narrow prisms irrespective of the Al 2 0 3 -Fe 2 0 3 ratio. It was 
also frequently found as dentritic growths in clinkers having low 
Al 2 0 3 -Fe 2 0 3 ratios. The large, broad prisms found in slowly cooled 
clinker were practically absent. In many cases the amber color of 
this phase was darker and greener while the pleochroism became 
more pronounced, which may have been due to solid solution with 
MgO [11]. Insley and McMurdie [12] pointed out from their studies 
that there must be less than 1 percent of MgO in solid solution in 
tetracalcium aluminoferrite. 

III. COMPARISON OF PHASE COMPOSITIONS AS DETER¬ 
MINED MICROSCOPICALLY AND AS CALCULATED FROM 

ANALYTICAL DATA 

The phases in Portland cement clinker are usually calculated from 

chemical analyses without regard to the rate of clinker cooling. In 

order to show the inaccuracies which develop from this procedure, 

comparisons of data obtained from microscopical analyses are made 

with those obtained from chemical analyses by two methods of 
calculation. 

The percentages by weight of the various phases, calculated from 
microscopical observations and from chemical analyses, are given in 
table 2, arranged in order of increasing Al 2 0 3 -Fe 2 0 3 ratios for similar 
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cooling conditions. The columns designated “Micro” contain results 
of microscopical analyses. It is necessary to assume in calculating 
data such as these that each phase is pure and that the effects of zon¬ 
ing and solid solution are negligible. In order to convert volume 
percentages to weight percentages the following density values [2] 
were used: 3Ca0.Si02, 3.13; /3-2Ca0.Si02, 3.28; 4CaO.Al2O.3Te 2 (la* 
3.77; CaO, 3.32; MgO, 3.58. Since the composition of the glass is 
variable and uncertain, a density value of 3.00 [2] was used for all 
dark interstitial material. 

Table 1. —Chemical analyses of clinkers arranged in order of increasing Al 2 03 /Fe 2 03 

for similarly cooled clinkers 


[Chemical analyses by C. L. Ford, Research Lab., Portland Cement Assn., Chicago] 
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CG 


% 

19 . 74 
19 . 84 

19 . 51 

22 . 24 
21.98 
22.38 

21.27 

20 . 62 
20.90 

22 . 60 
22 . 51 
22 . 79 


O 

S 


% 

7 . 11 
6.33 
6.04 

4.89 
6.07 
4.32 

5.12 
5.49 
4.88 

2.98 

3.02 

2.95 


21.85 

21 . 67 
21.73 

22 . 72 
22 . 35 
22.48 

22.80 
22.68 
22 . 79 

21.70 
21.46 
21 . 75 


■O 

6 


3.08 
3.13 
3.11 

2 . 71 
2.24 
1.98 

2.23 

2.22 

1.97 

2.21 

2.22 

1.90 


% 

4.61 

4 . 73 
4.91 

4.24 

4.54 

4.08 

4.97 

5 . 54 
5 . 45 

4.86 
4 . 95 
4 . 86 


23 . 68 2 . 88 4 . 83 

23 . 48 2 . 86 4 . 79 

23 . 69 2 . 89 4 . 84 


21 . 40 2 . 35 

21.12 2.35 

21.20 1.90 


5.81 

6.93 

5 . 85 

6.09 
6.37 
5.16 

6.59 

5.56 

6 . 59 

6.97 

6.03 

5.71 

6.64 
6.85 
6.80 


O 

«a 

O 


% 

62.93 

58.51 
61.24 

66 . 54 
66.17 

66.51 

64.99 
63 . 32 
63.96 

64.63 

63.93 
64.37 

65 . 34 
62.89 
63 . 57 

67 . 02 
66.23 

66 . 26 

64.19 

63 . 47 
63.83 

63.86 
62.82 
63.07 

64.64 
63.05 
63.58 

64 . 73 
63.81 
64.10 


MgO 

Free CaO 

o 

CO 

FeO 

6 

£ 

o 

C3 

£ 

O 

w 

Ignition Loss 

Insolu hie 
Residue 

% 

% 

% 

% 

% 

% 

% 

or 

/O 

% 

4.28 

0.30 

0.12 

0.00 

d N. D. 

0.41 

0 . 10 

0 . 14 

0 . 11 

4.24 

4 . 20 

.13 

1.46 

0 . 37 

.53 

.20 

.23 

.39 

4 . 37 

1.51 

.08 

1.27 

N. D. 

.37 

. 12 

.00 

.21 

0.85 

0.08 

.06 

0.00 

N. D. 

.52 

.05 

. 14 

. 16 

.81 

. 16 

. 11 

.00 

.34 

.66 

. 16 

. 18 

.20 

.82 

.34 

. 12 

.33 

N. D. 

.51 

.08 

. 11 

. 17 

1.72 

.06 

.45 

.05 

N. D. 

.27 

.37 

. 12 

.20 

1.80 

.77 

.61 

.15 

.42 

.33 

.71 

. 17 

. 15 

1.85 

.85 

. 18 

.63 

N. D. 

.24 

.30 

.08 

.26 

3.93 

.07 

.19 

.00 

N. D 

.15 

.25 

. 17 

. 18 

3.53 

.61 

.25 

.00 

.35 

. 17 

.49 

.25 

. 14 

3 . 52 

.79 

. 10 

.03 

N. D 

. 10 

.08 

. 19 

.23 

1 . 30 

.18 
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.00 

N. D. 

.26 
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N. D. ! 

N. D. 

1.29 

2.06 
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.00 
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.34 

.81 

. 45 

.20 

1.30 
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N. D. 

.26 

.37 

N. D. 

N. D. 

1.43 
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1.44 

.36 
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.00 

.26 

. 10 

. 11 
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1.48 

. 47 

.23 

.03 

N. D. 

.08 

.08 

. 12 

.23 

4.10 

. 16 

.03 

.00 

N. D. 

.35 
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.14 

.18 

3.99 

.38 

. 11 

.39 

.50 

.63 

.20 

.25 

. 22 

4.03 

.37 

.04 

.66 

N. D. 

.47 

. 10 

.07 

.28 

4.17 

.10 

.13 

.00 

N. D. 

.32 

.22 

N. D. 

N. D. 

4.15 

.80 

.28 

.00 

.30 

.38 

. .54 

.26 

.30 

4.17 

.85 

.11 

.23 

N. D. 

.33 

*.29 

N. D. 

N. D. 

3.08 

.38 

.50 

.00 

N. D. 

. 10 

.97 

.20 

.25 

3.01 

1.21 

.68 

.00 

. .31 

. 10 

1.58 

.36 

.24 

3.08 

1.53 

.49 

.30 

N. D. 

.10 

1 . 11 

. 19 

.19 

3 . 44 

0 . 02 

.29 

.00 

N. D. 

.34 

0.28 

. 14 

. 15 

3.42 

.41 

.36 

.03 

.33 

.42 

.58 

. 15 

.23 

3.48 

.55 

.22 

.36 

N. D. 

.32 

.38 

. 11 

. 21 


• Corrected for FeO. 
b Corrected for TiOi. 

• Corrected for free CaO. 

d N. D.«=Not determined. 
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The corrected chemical analyses of the clinkers studied are given 
? . ■ bc M a 'o es V' fch !f tabulation were used in calculating 

cooled clinkers. Ihis is because the constituents in this ratio were 
corrected for ferrous oxide. Under conditions of crystalline equilib- 

4 CaO A1 O a Fe O te rl 3CaOAl2 °3 should increase and the calculated 
4CaO.AI 2 0 3 .ke,0 3 decrease with increased Al 2 0 3 -Fe>0, ratios An 

examination of table 2 shows this to be the case. ' 

But under those conditions of crystallization where significant 
amounts of glass persist after the cooling of the clinker, there should 

be less of the phases, 3Ca0.Al 2 0 3 and 4Ca0.Al 2 0 3 .Fe 2 0 3 , since part of 

more pronounced in the more quickly fooled cliSkem M«S of 
calculation which take account of this residual glass should show this 
effect. The values obtained microscopical^ decrease with increased 
cooling rate, which indicates that the rate of cooling is a simificant 
factor to be considered in calculating clinker phases. 

I lie columns designated “equilibrium” and “normal” in table 
contain results derived from chemical analyses by two methods of cal- 

thl a nmthod U o n f L lbe subheading‘‘norm are^iven the resiffts b y 

Uie method of L. A Dalff [13], which are an extension of the deriva- 

Af nJ l , IS led b / Lei r and Parker [14], Included in the derivations 
Dahl are equations for calculating the phase composition under the 

assumption that the clinker is at equilibrium down to a temperature 

SnTd bv X ld he n T a just e T & } t0 the &*** content a^deter- 

nnneci by the heat-of-solution method. Thus glass as used in ftp 
resulting computations is an approximated value, and the remaining 
ciystalhne phsises are calculated by the equations given. The other 

co^'i „ a fth e U &S ,^ um P tion ° f oomplete equilibrium during 

t ion h i?in iTrX u• S 1 “ clud . ed ™ the Dahl calculations under the assump- 
tion that MgO dissolves in the liquid up to 6 percent [16] and that any 

MgO remaining crystallizes as periclase. Further modifications will 

nvJlXX WhPn part P la y <>d by the alkalies and other minor 
of f known- However, the method represents the best method 
of calculation from chemical analysis available at this time. 

6 calculations, allowance was made for free CaO, FeO 

aTo T ° 2 ' i CaC L was subtracted from the total CaO; Ti0 2 from 

A 2?® 3 ’ and bcO as Fe 2 O a was subtracted from Fe 2 0 3 to give the 

to particio b?Vi Al2 ° 3 ’ a - nd Fe ty’ respectively, which were assumed 
ffons ThotXi rCaCtl ?ns and were, therefore, used in the calcula- 
x ou ' i j Val H® s given for approximated glass content are revised 
\ alues based on heats of solution of glass on the T 2 W, T 2 E boundarv 
curves 4 and the 1,400° and, 1,450° C isotherms [13] ’ 2 boimdai T 

nl c ^° mp f riS ° nS i ^ et iY ee - n C ^ n ker minerals variously determined are 

(A anTB) gr Tn h ^nrh y f^J Ggll ^ eS 5 ’ 6 fc 4 and B) > 7 ( A and B )> and 8 

° f these figures the clmkers are arranged accord- 

coLnoX r t ea hpX mi ? r Xu P1C ^ ly determined content of the particular 
mponent being studied. Each figure shows, in addition to the 

f -riXr 1 VaI i U +t’ those values calculated assuming “normal” 
ystallizat ion and those calculated assuming crystalline equilibrium. 

• Boundary curves in the quaternary system as discussed by Lea and Parker. See reference | 14 J. 
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pc f °Jp m ri'r. bt £ e Y ial i°' l ® ar <\H? ed in the figures: C,S=2Ca0.Si0 2) 
C3 i Ca °• f C »A = 3CaO. A1 2 0„ C«AF = 4Ca0.Al 2 0 3 .Fe 2 0 a . 

n figure 6 (B) the amount of total alkalies is compared with in¬ 
creasing prismatic dark interstitial material as determined microscopi¬ 
cally because, although the composition of the prismatic dark intersti¬ 
tial material is unknown, there is reason to suspect a connection with 

alka fi content of the clinker. Under the assumption of 
crystalline equilibrium there can be no residual glass; hence glass is 
not plotted for this condition in figure 7 (B). K 

general, the figures show a better agreement between microscopi- 
cally determined values and those calculated assuming “normal” 
crystallization than between microscopically determined values and 
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Figure o.—Comparisons of tricalcium silicate (C,S) and dicalciu 

variously determined. 


m silicate (C2S) 


those calculated assuming complete equilibrium. For each con¬ 
stituent, agreement is better for slowly cooled clinkers than for either 

33?cSr d Sk agreeD “ nt ’•***■» -*"■•«* S3T3K 

cooSKSrfuJTvS’fffioSSd S i W 2^oio iSlS 

from chemical analyses agree reasonably well with those derived from 
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This suggests that crystalline equilibrium has not been completely 
attained, or that the phase identified as 3Ca0.Si0 2 has been augmented 

u SO u so ^ ll ^ ,lon - I n ^ ie plant-cooled and the quickly cooled clinkers 
the above noted tendency becomes marked and definite. 

i • • i , . . interstitial crystalline phases etched by water are 
di\ uled into rectangular and prismatic phases. The rectangular 
phase agrees optically with tricalcium aluininate while the prismatic 
phase does not. W. C. Taylor, of this laboratory, suggests that this 
prismatic phase may be another crystalline form of' tricalcium alu- 
minate. It is noteworthy in this connection that the sum of these two 
microscopically determined crystalline phases, rectangular and pris- 



A B 

Figure 8. Comparisons of ( A ) magnesia (MgO) variously determined and ( B ) 

free lime (CaO) variously determined. 

matic, approaches the values for total tricalcium aluminate as figured 
by the ‘normal” crystallization method of calculation. It is Taylor's 
premise that the rate of cooling and the presence of alkalies have an 
effect on the type of crystalline dark interstitial material found. 

Incalcium aluminate as a rectangular crystalline phase was found 
microscopically in all slowly cooled clinkers with Al 2 03 -Fe 2 03 ratios of 

ri °^ eater ’ Lack of clinkers with A1 2 0 3 -Fe 2 0 3 ratios between 
ai A * 63 PT events a more definite statement as to the minimum 
AhOa-F e 2 0 3 ratio at which this phase appears microscopically in 
slowly cooled clinkers. Tricalcium aluminate (rectangular) was not 
iound in quickly cooled clinkers and was found in only two plant- 
cooled clinkers (6P and 7P). In one plant clinker, 6P , the total 
alkalies are very low, 0.21 percent; and in the other instance, 7P 

™ e r, a Percentage of tricalcium aluminate was found' the 

Ai 2 U3-i5e20 3 ratio is the highest, 2.91, of all plant-cooled clinkers 
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studied. The observed amount of rectangular tricalcium aluminate 
was always less than that calculated. The negative difference in¬ 
creased as the Al 2 0 3 -Fe 2 0 3 ratio increased and as the cooling became 
more rapid. Figure 6 (A) clearly demonstrates that the formation of 
rectangular tricalcium aluminate, assuming that the composition was 
favorable, is dependent upon the rate of cooling. 

Since the chemical composition of the prismatic dark interstitial 
phase is not known, no comparisons were made with the determined 
micioscopical values. Untreated plant clinkers were highest in this 
prismatic phase and quickly cooled clinkers lowest, possibly because 
ol the higher glass content of the latter. Figure 6 ( B ) points out 
distinctly that there is little agreement between the total alkalies and 
the prismatic material. This may mean that the alkalies are only a 
minor factor in determining whether or not this component appears 
It seems from the curves that too slow or too rapid cooling does not 
lavor the formation of the prismatic phase, but rather that some 
intermediate rate such as in plant operation is favorable. 

The amount of tetracalcium aluminoferrite observed microscop¬ 
ically as light interstitial material was often greater than that calcu- 
lated assuming-normal crystallization. The differences decreased 
as the Al 2 U 3 -_b eA^ ratio increased and increased as the cooling became 
more rapid. When comparison is made with the calculated values 
the agreement is not good for either the Al 2 0 3 -Fe 2 0 3 ratio or the cool- 

fi 1 cmr 1 e a 7 e (A) ange * Their relatlonshi P s are graphically presented in 

Two values for glass were computed from microscopical observa¬ 
tions (see table 2). One value, obtained after etching with water 
followed by 1 percent HNO ? in alcohol, represents the glass phase 
approaching tricalcium aluminate in composition, since it etched in 
the above reagents similarly to crystalline tricalcium aluminate but 
to . a irrvtT e ^ ree# ot ^ er value f° r glass, obtained after etching 

phase^^^’ WaS cons ^ ere< ^ to represent the total amount of glassy 

The amount of glass found microscopically was usually less than 
that derived from heat of solution data. In clinkers of low Al 2 0 3 -Fe 2 0 3 
ratio it was considerably less. In many cases, however, there was 
fairly good agreement between the amounts of glass found micro¬ 
scopically after etching with KOH and those calculated from heat of 
solution data. 

It is interesting to note in figure 7 ( B ), that as the glass content 
approached a maximum, as determined by the heat of solution method 
the microscope failed to find equivalent amounts. Glass was difficult 

etermm i 6 m ^ rosco Pi c ally, but it is not believed that the large 
differences shown in some instances were due to failure in identification. 

1 here may be some factors not yet recognized, perhaps in both pro¬ 
cedures, wmcli when eliminated will permit closer agreement. 

Agreement between the values for free lime and magnesia deter¬ 
mined microscopically and calculated (analytical values for free lime) 
was usually good. No consistent variation was observed between 
these values either with the heat treatment or with the Al 2 0 3 -Fe 2 0 3 
latios. When comparison is made between the values for magnesia 
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determined microscopically and calculated on tlic assumption of 
crystalline equilibrium, the differences between the two methods 
become important when the cooling is more rapid. This is to be 
expected since no allowance is made for glass or the solubility of 
magnesia in it when the composition is calculated on the assumption 
of crystalline equilibrium. The various values obtained for free lime 
and magnesia are compared graphically in figure 8 (A and B). 

IV. SUMMARY 

The results of the qualitative and quantitative microscopical ex¬ 
amination of 10 samples of commercial portland cement clinker with 
their slowly and quickly cooled counterparts are reported. These are 
compared with the quantitative phase composition as obtained from 
chemical analyses by two methods of calculation to show the deviation 
to be expected among the different methods. 

The general appearance of each phase in the clinker is described 
together with the changes due to differences which had occurred in 
heat treatment and cooling rate. 

It is shown that there is a definite trend toward simplicity of crystal 
form and clinker structure as the cooling rate increases. Clinkers 
cooled in the plant have structures that indicate that their rate of 
cooling lies intermediate between slow and quick cooling. 

Comparisons between calculations of phases from microscopical 
observations and from chemical analyses, according to the presence 
or absence of glass, show that: 

1. The agreement between phases calculated under the assumption 
of complete equilibrium crystallization and by the microscopical 
method is better for the slowly cooled clinkers than for either the 
plant-cooled or quickly cooled clinkers. 

2. In general, for all clinkers, the phase compositions calculated 
with consideration of glass (normal crystallization) agreed better 
with the microscopically determined phases than did calculations in 
which complete equilibrium crystallization was assumed. 

3. The 3Ca0.Si0 2 found microscopically nearly always exceeds 
that calculated by either of the other methods. 

4. The 2Ca0.Si0 2 microscopically determined was sometimes 
greater and at other times less than that calculated to be present by 
either method irrespective of Al 2 0 3 -Fe 2 0 3 ratios. 

5. The microscopically determined 3Ca0.Al 2 0 3 was always less 
than that calculated by either of the other methods. 

6. The total dark interstitial phases—rectangular, prismatic, and 
glass—determined microscopically, approached the total tricalcium 
aca l cu l a tecl on the assumption of crystalline equilibrium. 

'• T j 4Ca0.Al 2 0 3 .Fe20 3 determined microscopically, in general 
exceeded that calculated by either of the other methods and showed 
better agreement for high Al 2 0 3 -Fe 2 0 3 ratios than for low. 

8. The glass determined microscopically was in better agreement 
With values obtained from the heat of solution method for slowly 
cooled and plant-cooled clinkers than for quickly cooled clinkers. 
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SURFACE CHARACTERISTICS OF COTTON FIBERS, AS 
INDICATED BY ELECTROPHORETIC STUDIES 1 

By Arnold M. Sookne and Milton Harris 2 


abstract 

The surface characteristics of cotton fibers were investigated by a microelec- 
trophoretic technique. Samples of dewaxed cotton, cotton which had been 
depectinized by treatment with a boiling 1-percent solution of sodium hydroxide 
for various lengths of time, and pectic substance from cotton gave widely differ¬ 
ent pH-mobility curves. The curve for pectic substance is characteristic of a 
highly acidic substance, whereas that for depectinized cotton shows a low order 
of acidity. The curve for dewaxed cotton appears to be a composite of the curves 
for cellulose and pectic substance. 

The purified cellulose exhibits a reversal of charge below pH 2.5, and accordingly 
is isoelectric at that pH. It is shown that the reversal of charge has not resulted 
from irreversible changes produced in the fiber during immersion in the dilute 
solutions of acid used in the present investigation. 
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I. INTRODUCTION 

Recent studies on cotton have indicated that the pectic substance 
occurs principally on the surface of the fiber as part of the primary 
cell wall [1, 2, 3]. 3 Although this substance is present to the extent 
of only approximately 1 percent, it nevertheless accounts for about 
85 percent of the acidic groups in mature fibers. The remainder of 
the acidic groups, about 15 percent, is presumably associated with the 
cellulose itself [4]. The highly acidic nature and the location of the 
pectic substance in the naturally occurring fibers would be expected 
to influence greatly a number of the properties of the fiber, especially 
those dependent on surface characteristics. These surface character¬ 
istics are of considerable importance in a number of industrial processes, 
as, for example, the scouring, dyeing, and finishing of textile materials. 

The electrophoretic technique has been shown in this laboratory 
to be a useful tool for characterizing and distinguishing surfaces of 
different textile fibers or of fibers of which the surfaces have been 
altered b y different chemical treatments [5, 6]. Since it would be 

Society 8 iT^M?c° d before the CeUulose Division at the 100th meeting of the American Chemical 

* Research Associates at the National Bureau of Standards, representing the Textile Foundation. 

* Figures in brackets indicate the literature references at the end of this paper. 
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expected that the surface of a cotton fiber might also be appreciably 
changed by treatments which are known to remove pectic substance, 
it appeared that electrophoretic measurements would be of consider¬ 
able aid m evaluating such changes. 

II. MATERIALS AND METHODS 

1. MATERIALS 

Raw cotton was extracted with alcohol at room temperature for 

24 hours, and then with ether for 24 hours. This will henceforth be 
described as “dewaxed cotton .” 

. A portion of the dewaxed material was further purified by extrac¬ 
tion for 2, 4, 8, or 16 hours with a boiling 1-percent solution of sodium 
hydroxide, according to the method recommended for the preparation 
of standard cellulose. The procedure was essentially the same as that 
described by Corey and Gray [7], except that the apparatus of Worner 
and Mease was employed [8]. It has been shown by Whistler, Martin, 
and Harris, that this treatment removes all measurable amounts of 
pectic substance from cotton [9]. Samples purified in this way will 
be termed “depectinized cotton.” 

All of the above samples were reduced to a convenient particle size 
hy grinding them in a laboratory Wiley mill until they passed through 
a 60-mesh screen. The powder was suspended in water, the larger 
particles were allowed to settle, and the particles (1 to 5 microns) 
remaining in the supernatant liquid were used for the measurements. 

I ectic substance was obtained by treating dewaxed cotton with a 
solution of sodium hexametaphosphate, shown elsewhere [10] to sepa¬ 
rate readily the pectic substance from cotton. The procedure was as 
follows: 100 g of dewaxed cotton was soaked at room temperature for 
^ hours m 1 liter of a 0.5-percent solution of sodium hexametaphos¬ 
phate at pH 7.9. The liquid was pressed out, and the cotton was 
soaked overnight in an additional 1-liter portion of the same solution. 
The combined solutions were dialyzed against running distilled water 
for 2 days. Hydrochloric acid and potassium chloride were added to 
portions of the solution until the final ionic strength was 0.02 M at pH 
values from 1.7 to 4.1. Microscopically visible particles suitable for 
mobility measurements were found to be suspended in the acidified 
solutions. 

2. METHODS 

The electrophoretic technique was the same as that used in earlier 
studies on silk [51 and wool [6] fibers. An Abramson microelectro¬ 
phoresis cell was used for the measurement of electric mobility [11]. 
The methods suggested by Moyer were followed in detail [12]. When 
the mobilities were very low, which was the case for all of the depectin¬ 
ized samples, the velocities of the particles were measured in successive 
layers from the top to the bottom of the cell, and the mobility was 
evaluated by graphical integration of the curve obtained by plotting 
velocity against depth [11]. 

Prehminary measurements showed that throughout the range of 
pH investigated, there was no appreciable change of the mobility of 
the pectic substance or of the dewaxed or depectinized cotton when 
suspensions were allowed to stand from 15 minutes to 24 hours before 
mobility measurements were made. 
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The pH values of the suspensions were measured with a Mclnnes 
and Belcher-type glass electrode and a vacuum-tube potentiometer, 
using a cathode-ray tube as null indicator. The pH values wore 
referred to potassium acid phtlialate, 0.05 M, to which was assigned 
a pH value of 4.01 [13]. 


III. EXPERIMENTS AND DISCUSSION 


Curve 5, figure 1, shows the pH-mobility curve for pectic substance. 
The curve is typical of that of a highly acidic substance, since the 
particles exhibit a large negative charge even at pH 1.7. This is 
consistent with the results of an earlier investigation, which showed 
that the entire uronic acid-carboxyl content of the pectic substance 
was present in the form of titratable carboxyl groups [4]. The pH- 



Figure 1 . — A comparison of the pB.-mobility curves for dewaxed cotton , depectinized 

cotton, and pectic substance from cotton . 


£5 e £ r «.^ n £ s th f *poMJtty of the pectic substance. Curve 4 is that for dewaxed cotton Curve 3 is 
1 (^cotton treated with boiling 1-percent NaOH for 2 hours. Curve 2 is for cottonsimilarly treated 
for 4 hours. Curve 1 Is for cotton treated for 8 (open circles; and for 16 hours (filled circles). y 


mobility curve for dewaxed cotton (curve 4) is similar in shape to that 
for the pectic substance, but the material is shown by the shift in the 
curve along the axis of ordinates to be less acidic than the pectic 
substance. If the particles of dewaxed cotton were completely coated 
with pectic substance, a curve identical with curve 5 would have been 
obtained. The results suggest that cutting the fibers exposes new sur¬ 
faces which are presumably cellulosic, and since these are much less 
acidic than the pectic substance itself, the number of acidic groups per 
unit surface has accordingly been decreased. It would appear then 
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that curve 4 is a composite of the curves for the highly acidic pectic 
substance and the much less acidic cellulose. 

The pH-mobility curve of a sample of depectinized cotton, prepared 
by ti eating dewaxed cotton for 2 hours with a boiling 1-percent solu¬ 
tion ot alkali, is shown in curve 3. Its position relative to the curve 
lor dewaxed cotton .indicates the removal of an acidic component, 
blight iurther shifts in the pH-mobility curve were caused by 4 hours 
(curve 2) and 8 hours (curve 1) of extraction with the alkali, but these 
last effects are much smaller. A sample treated for 16 hours gave 
no further change in the pH-mobility curve (curve 1). 

The small shifts in the positions of the pH-mobility curves for sam¬ 
ples of cotton treated for 4 and for 8 hours were somewhat surprising, 
especially since earlier determinations of uronic acid [9] as well as 
titration studies [4] had indicated that essentially all of the pectic 
substance was removed from the fiber during the 2-hour treatment 
with alkali. It must be pointed out, however, that the electrophoretic 
measurements are much more sensitive to small changes than either of 
the above techniques and therefore the possibility that removal of the 
last traces of pectic substance during treatment with alkali for 2 hours 
is not complete, cannot be ruled out. If the data are interpreted 
m this light, then they must also be taken to indicate that the samples 
treated for 8 and for 16 hours are essentially free of pectic substance. 

I wo alternative explanations for these shifts may be advanced. 
x 1 irst, the continued treatment with alkali may remove a small amount 
of surface material which contains no carboxyl groups but which is 
more electronegative than the cellulose itself. Second, the continued 
treatment with alkali may alter the physical structure of the fiber, 
with a resultant change in the mobility curve. Numerous instances 
exist m which a physical change, such as alteration of the degree of 
orientation, has been shown to change the electrokinetic properties 
of substances. Kanamaru, for example, has observed that the zeta 
potentials are different for rayons spun of the same material, but of 
varying degrees of orientation [15], and a similar observation has been 
made on nylon by Sookne and Harris [14]. Harrison found a large 
decrease in the (negative) zeta potential of cotton after mercerization 
[16], and since the small changes observed in the present investigation 
are in the same direction, they could possibly be caused by alteration 
of the physical character of the fiber surface. 

It will be noted that the depectinized samples of cotton exhibit 
reversal of charge below about pH 2.5 and accordingly are isoelectric 
at that pH. However, it has been reported [17] that cellulose has no 
true isoelectric point and that reversal of the charge in the more acid 
solutions resulted from hydrolysis at the surface of the fiber. Although 
these conclusions arose from investigations on wood cellulose, it 
nevertheless appeared advisable to determine whether any irreversible 
effects had been produced under the conditions of the present studies, 
-for this purpose, the following experiments were performed. 1.5-g 
samples of ground, depectinized (8 hour) cotton were soaked in 400-ml 
portions of hydrochloric acid-potassium chloride solutions (0.02 M 
ionic strength) having pH values of 1.7, 2.5, and 3.3. These solutions 
were identical with those used in obtaining the data shown in figure 1. 

^ i 1 k° ur > the samples were filtered off on a sintered glass funnel 
and thoroughly washed with running distilled water. Water sus- 
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pensions of each of the three samples as well as of a sample of the 
untreated, depectinized cotton were then prepared and sufficient 
acetic acid and sodium acetate added to bring the pH value of each 
solution to 5.6 and the ionic strength to 0.005 M. The samples were 
allowed to remain in contact with the buffer solutions for 24 hours, 
after which the mobilities of the particles were measured. No sig¬ 
nificant differences between the acid-treated and untreated samples 
were found and therefore it was concluded that no irreversible changes 
in the surface potential of cotton were produced by the dilute solutions 
of acid emplo 3 7 ed in the present work. 
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COMBINATION OF SILK FIBROIN WITH ACID AND WITH 

BASE 


By Leland F. Gleysteen and Milton Harris 1 


abstract 

A study was made of the dependence on pH of the amounts of hydrochloric 

acid and of potassium hydroxide that are taken up by silk fibroin at 0° C The 

effect of added potassium chloride on this dependence was also investigated 

and was shown to be the binding of an increased quantity of acid or base at a 
given pH. 

The maximum acid-combining capacity of silk fibroin is 0.13 milliequivalent 
per gram; the maximum base-binding capacity is greater than 0.90 milliequiv¬ 
alent per grain The presence of 0.13 to 0.17 milliequivalent of free carboxyl 
*** silk fibroin is estimated from the titration curve. The great amount 
of base bound can be accounted for only if the phenolic hydroxyl groups of tyrosine 
take part in the equilibria with base. Further evidence that these groups bind 
base is provided by the greatly decreased amount of base bound by methylated 
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I. INTRODUCTION 

Many of the chemical and physical properties of a protein fiber 
are intimately related to the number and arrangement of those erouDS 
which bmd acid or base. A study of the combination of acid and of 
base with silk fibroin was therefore undertaken as part of an extensive 

fibers am f ° r tte mvestl S ation of tlie acidic and basic nature of textile 

The manner in which the titration curves of the insoluble proteins 
and especially of wool, differ from those of the soluble proteins has 
been discus sed by Speakman and Hirst [1], 2 by Lloyd and Bidder [2] 

j N ® tio ° al Bureau of Standards, representing the Textile Foundation 

Figures in brackets indicate the literature references at the end of this paper. foundation. 
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and, more recently, by Steinhardt and Harris [3]. The titration of 
silk fibroin is, in some respects, similar to the titration of wool, but 
differs in other respects because of decided differences in the number 
and kinds of constituent amino acid residues. The published analyses 
of silk [4] indicate that fibroin contains relatively small quantities of 
the dibasic amino acids arginine, lysine, and histidine, all of which 
would be expected to bind acid, and an appreciable quantity of one 
diacidic amino acid, tyrosine, which would be expected to bind base 
unless its phenolic hydroxyl group is blocked in some way. 

The data for proteins do not provide an unequivocal indication of 
the availability of the hydroxyl groups of tyrosine for binding base. 
Recent work, however, on the reaction of diazomethane with silk 
and a number of other proteins indicates that the hydroxyl groups of 
tyrosine in these substances are probably free. 

The relatively high content of tyrosine in fibroin made it seem 
probable that the role of the hydroxyl groups in acid-base equilibria 
would be revealed by consideration of the titration data. Since the 
methylation of these groups can now be readily brought about [5], a 
comparison of the titration curves of untreated and of methylated 
fibroin should indicate even more clearly the part taken by the 
phenolic hydroxyl groups in the binding of base by fibroin. 

II. EXPERIMENTAL PROCEDURE 

1. MATERIALS 

(a) FIBROIN 

Raw, white, Japanese silk which had not been previously treated 
except for the reeling operation was extracted for 48 hours with 
alcohol and for 24 hours with ether, both at room temperature, and 
was finally washed in water. The silk was degummed by treatment 
with a commercial enzyme preparation, Enzo. 3 The degumming 
bath contained 5 g of Enzo per liter and was maintained at a tem¬ 
perature of 65° C. The ratio of silk to solution was about 1:40. 
Each lot of silk was given three consecutive treatments of half an 
hour each with constant agitation; after each treatment the silk was 
quickly rinsed in boiling water and was then thoroughly washed in 
water at room temperature. In order to assure complete degumming, 
it was found necessary to prevent the silk from becoming tightly 
matted. Determinations of loss of weight showed that three treat¬ 
ments of half an hour each, and subsequent washings were sufficient 
to bring the material to constant weight. The loss of weight on 
degumming corresponded to the loss reported by Rutherford and 
Harris [61 for silk of the same lot degummed by boiling in soap 
solutions. 

(b) METHYLATED FIBROIN 

Fibroin was methylated with diazomethane as described by 
Rutherford, Patterson, and Harris [5]. Analysis of the samples for 
tyrosine by the method of Lugg [7] showed that the tyrosine content 

\ Thanks are due the Wallerstein Laboratories, New York, N. Y., for the enzyme preparation used in 
tnis work. 
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had been reduced from 12.0 to 2.3 percent, and analysis for methoxyl 
groups by the method of Vieboch and Brecker [8] showed that the 
methoxyl content was 2.37 percent. 


2. METHODS 


(a) CORRECTION FOR ASH 

The degummed silk contained some base, already bound, and 
yields an alkaline ash. This alkali affects the extent to which acid 
or base is sorbed from the solution by the fibroin. The hydrogen-ion 
equivalence of the ash was determined by an electrodialytic method 
which has been described elsewhere [9]. The degummed and washed 
fibroin had an ash content of the order of 0.1 milliequivalent per 
gram (M-eq/g). In order to reduce the ash content to a lower value 
the fibroin was electrodialyzed for 24 hours. By this means, the 
hydrogen-ion equivalence of the ash was reduced to 0.01 to 0.02 
itf-eq/g. The titration data were corrected for the effect of this 
residual ash by subtracting the hydrogen-ion equivalence of the 
ash from the experimentally determined quantity of acid bound 
or by adding it to the quantity of base bound. 

(b) DETERMINATION OF MOISTURE 

All the samples were conditioned at 21° C and 65-percent relative 
humidity before weighing. The moisture content of the fibers was 
determined by drying representative samples for 2 hours in a vacuum 
oven at 105° C. All titration data in this paper are expressed as 
milliequivalents of acid or of base per gram of dry fibroin. 

(c) CORRECTION FOR SORPTION OF WATER 

In the determination of the titration curves of hygroscopic fibrous 
materials some investigators have considered the total moisture 
content of the sample of fibers, at the moment immediately preceding 
immersion in the solution, as a quantity which should be added to the 
free water of the system. That is to say, all the water in the system, 
including that introduced in the fiber phase, has sometimes been re¬ 
garded as being available for dilution of the solute. However, many 
workers have recognized, on the basis of direct experimental evidence, 
that the concentration of an aqueous solution of a solute which is not 
bound to the fiber by strong chemical or physical forces is increased 
when a sample of fibers of low moisture content is introduced into the 
solution. Presumably such an increase in the concentration of the 
solution is due to the selective sorption of water by the fibers. It is 
also assumed that such sorption effects occur in solutions of acids and 
bases and decrease the quantity of water that is available for dilution 
of the’ acid or base. Since the acid and base binding capacities, as 
determined in the present investigation, are calculated from changes 
of titer, and since the change in the titer of the solutions will depend 
upon the selective sorption of water as well as upon the quantity of 
acid or base bound, a correction must be applied for the sorption of 
water. 

The manner of applying this correction term is discussed in detail 
by Sookne and Harris [10]. In the present investigation the extent 
of selective sorption of water was investigated by a polarimetric 
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method. The highly optically active disaccharide trehalose was used 
as a reference substance. It was assumed that the trehalose was not 
sorbed by the fiber. A weighed quantity, 5 g, of fibroin of known 
moisture content was immersed in the smallest convenient volume, 
60 ml, of trehalose solution, which was 0.05 N with respect to hydro¬ 
chloric acid, and then placed in the constant temperature bath at 
0° C. After 24 hours, aliquots were withdrawn from the stock 
solution and from the solution in equilibrium with the fibers, and the 
rotations were measured in a saccharimeter at 20° C. The rotations 
of the original and of the final solutions were compared, and the differ¬ 
ence was interpreted as a measure of the increase of the concentration 
of the solution with respect to trehalose, which resulted from the 
sorption of water by the fibroin. The mean result for a pair of 
duplicate determinations is shown in table 1. 


Table 1 . —Selective sorption of water by silk fibroin 


Dry weight of fibroin_ 


4. 57 

Moisture content Der eram of drv fibroin_ _ e 

0. 095 

Change in rotation of solution.. 

Original volume of solution.. 

. 

_ ml 

1.26 

60.0 

Water selectively sorbed.. 

_g_ 

0. 756 

Water selectively sorbed per gram__ _ _ 

_ g _ 

. 165 

Total water in fiber not available for dilution of solute 
gram of drv fibroin!_ _ _ 

(grams per 
_ cr_ 

.26 



(d) TITRATION WITH ACID 

Samples of fibroin weighing either 3.00 or 4.00 g and containing 
about 9.2 percent of moisture were placed in 100-ml portions of acid 
solutions at 0° C. The solutions contained either varying amounts 
of hydrochloric acid alone or varying amounts of potassium chloride 
and hydrochloric acid so adjusted as to bring the total ionic strength, 
at equilibrium, to 0.2 M. Aliquots of the original solutions and of the 
solutions which had come to equilibrium with the fibroin were 
titrated with standard sodium hydroxide solutions, using bromcresol 
purple as the indicator. The change in titer, together with the dry 
weight of the sample and the correction for selective sorption of water, 
permits the calculation of the quantity of acid bound per gram of dry 
fibroin. 

To determine whether sufficient time had been allowed for the 
attainment of equilibrium and whether appreciable acid hydrolysis 
had occurred, aliquots were withdrawn from the acid solutions which 
had been in contact with the fibroin for periods of 2, 3, and 4 days. 
The results indicate that equilibrium is attained within 48 hours and 
that no appreciable hydrolysis occurs within 4 days at 0° C in solu¬ 
tions up to 0.1 N with respect to hydrochloric acid. 

(e) TITRATION WITH BASE 

Titrations with base were carried out in a manner analogous to the 
method used for acid titrations, with the addition of precautions to 
prevent errors resulting from exposure of the solutions to atmospheres 
containing carbon dioxide. The alkaline solutions were made up 
from a stock solution of potassium hydroxide of very low carbonate 
content and a stock solution of potassium chloride of very low carbon 
dioxide content, by dilution with freshly boiled distilled water. 
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To determine the time required to attain equilibrium and to investi¬ 
gate the question of the alkaline hydrolysis of the protein material, a 
number of samples were immersed in potassium hydroxide solutions 
at pH 12 for various periodsJof time. The results indicate that 
equilibrium is attained in about 24 hours at 0° C and that no appreci¬ 
able hydrolysis seems to have occurred within 72 hours at this 
temperature, as the quantity of base bound reached a constant value 
and the Nessler test did notjreveal thejpresence-of any nitrogen in 
solution. In all subsequent experiments the samples were allowed to 
remain in the solution for 48 hours before aliquots were withdrawn 
for titration. 

(f) DETERMINATION OF pH 

The pH values of the solutions were determined with a glass 
electrode following the method used by Steinhardt and Harris [3]. 

(g) TEMPERATURE CONTROL 

The solutions were maintained at a temperature of 0° C by immer¬ 
sion in a refrigerated bath containing water and ice. 

III. RESULTS AND DISCUSSION 

The amounts of hydrochloric acid and of potassium hydroxide 
bound by fibroin at 0° C at different pH values (at equilibrium) are 
given in table 2 and are shown graphically in figure 1. The titration 



Figure 1. Combination of silk fibroin with hydrochloric acid and potassium 

hydroxide as a function of pH 

O No salt. 

© Ionic strength 0.2 AT. 

• Methylated fibroin, no salt. 
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curve for hydrochloric acid in the absence of salt (open circles) drops 
steeply from a maximum of about 0.13 M-e q/g near pH 1 and appears 
to reach the base line at about pH 3.9. It should be noted that, 
because of the shallow slope of the curve as it approaches the base 
line, any error in the ash correction or in the titration data will 
affect the position of the point at which combination with acid appears 
to begin. 


Table 2. —Amounts of acid and base bound by silk fibroin at 0° C 


pH 

Acid 

bound 

pH 

Base 

bound 

NO SALT PRESENT 


M-eg/g 


Af-eq/g 

1.083 

0.132 

9.01 

0.033 

1. 131 

.130 

9.63 

.034 

1.553 

.117 

10.40 

.052 

2.046 

.091 

12.18 

.147 

2. 331 

.074 

12.43 

.205 

2.468 

.044 

12. 76 

.314 

2.950 

.031 

13.10 

.395 

3. 522 

.003 

13. 61 

.798 



14. 25 

.904 

IONIC STRENGTH 0.20 

1.187 

0.136 

9.10 

0.070 

1.822 

.119 

10.61 

.139 

2.101 

.115 

11.44 

.228 

2. 360 

.092 

11.80 

.298 

2.875 

.080 

12.24 Jg. 

.487 

3.138 

.077 

12.44 £ 

.581 

3. 276 

.057 

12.89 $ 

.686 

3.968 

.049 

13.48 . 

.767 

4.633 

.001 




In solutions of ionic strength 0.2 (half-filled circles), acid combina¬ 
tion appears to begin at about pH 4.8. The effect of keeping the 
solution at constant ionic strength 0.2 is clearly indicated by the figure. 
At the lower values of pH the curves tend to join each other, as indeed 
they must if the curve for constant ionic strength be extended to that 
point at which no salt is present. As in the case of wool [3], the 
central portion of both the acid and the alkaline regions of the curve 
for solutions of constant ionic strength is not as steep as the curve for 
solutions without salt, and a greater amount of acid or base is bound 
at a given pH. The effect of the presence of salt on the slope and 
position of the titration curve is greater than could reasonably be 
accounted for by the influence of the salt on the dissociation constants 
of the groups which are titrated. It will be observed that for the 
preservation of electrical neutrality in the solutions and in the fibers 
it is necessary that the fibers should bind an anion with every proton 
and a cation with every hydroxyl ion. A few determinations of the 
chloride titer of the acid solutions served to indicate that chloride ions 
are bound in quantities approximately equivalent to the amount of 
hydrogen ion bound. A detailed discussion of the effect of salt and a 
theoretical treatment of the titration data for another fibrous protein, 
wool, have been given elsewhere by Steinhardt and Harris [3], who 
showed that the quantity of acid bound depends upon the concentra- 
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tion of anions as well as on the concentration of hydrogen ions, and 
that the quantity of base bound similarly depends on the concentra¬ 
tion of cations as well as on hydroxyl ions. They explained the direct 
dependence on anion, or cation, concentration on the basis of the 
assumption that when the protein combines with hydrogen ions it also 
forms partially dissociated stoichiometric complexes with anions and 
when it combines with hydroxyl ions it forms similar complexes with 
cations. These conclusions now appear to be applicable to silk 
fibroin as well. 

The titration curve for fibroin obtained from these experiments at 
0° C differs in several respects from that given by Lloyd and Bidder 
[2]. At the higher concentrations of acid Lloyd and Bidder indicate 
that rapidly and continuously increasing amounts of acid are bound as 
pH decreases, the highest value shown being some 0.3 M-eq/g at 
pH 1; the data of the present investigation tend toward a maximum 
of about 0.13 M-eq/g in the region of pH 1. This difference cannot be 
ascribed to the effects of ash because Lloyd and Bidder report an ash 
content of only 0.02 percent which, on the assumption of an equivalent 
weight of 40 for the ash, as found in the fibroin used in the present 
investigation, would amount to about 0.005 M-eq/g. The discrep¬ 
ancy may be due in part to some decomposition of the fibroin at the 
higher temperatures at which Llovd and Bidder worked. The 
alkaline branches of the curves are less dissimilar and, in this case, 
at least, a part of the difference may be attributed to a temperature 
effect. It has been shown that temperature appreciably influences 
the binding of base by wool but has very little effect on the binding 
of acid [11]. 

It is recognized that the acid- and base-combining capacities of 
proteins may usually be correlated with their contents of diacidic 
and dibasic amino acids [12]. The published analytical data on the 
composition of fibroin are given in table 3 [4, 13]. The maximum 
quantity of acid bound by fibroin, 0.13 M-eq/g, is nearly twice the 
sum of the reported contents of arginine and lysine. Such a dis¬ 
crepancy is not unexpected, since in the isolation of small quantities of 

amino acids from protein hydrolysates the analytical results invariably 
are low. 

Table 3 .—Amino add composition of fibroin 


Amino acid 


Glycino 
Alanine 
Tyrosine ». 
Arginine *_ 
Lysine b ___ 
Histidine b 


Percentage 


43.8 
26.4 
13.2 
0.95 
.25 
.07 


M-eq/g 


5.84 
2.97 
0. 73 
.055 
.018 
.005 


• Reference [4]. 
b Reference [13] 


In the literature no values whatever are reported for dicarboxylic 
acids m silk fibroin. The nature of the titration curve, however, is 
such as to suggest that dicarboxylic acid residues are probably present. 
Ine total amount of acid plus bp,se bound between pH 1 and pH 7 to 8 
yp- w hich range the — COOH groups are known to undergo disso¬ 
ciation), which is not less than 0.13 and may be as much as 0.17 


1 to 40 S 
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in the case of silk fibroin, may be regarded as a measure of 
the total number of free carboxyl groups in the protein. Previous 
evidence that silk fibroin contains free carboxyl groups was given by 
Rutherford, Patterson, and Harris [5], who infer the presence of about 
0.2 M-eq/g of free carboxyl groups in the untreated fibroin from the 
analyses of methylated fibroin for unmethylated tyrosine and for 
methoxyl groups. The latter estimate lends support to the inter¬ 
pretation of the quantity of acid plus base bound between pH 1 and 
8 as representing the free carboxyl content of fibroin. 

The amount of base bound in the strongly alkaline region, that is 
at pH greater than 11, greatly exceeds the content of free carboxyl 
groups and can be accounted for only by postulating that the phenolic 
groups of the tyrosine take part in the binding of base. This result 
is not unexpected, as Rutherford, Patterson, and Harris [5] concluded, 
on the basis of their study of the methylation of fibroin with diazo¬ 
methane, that the hydroxyl groups are free. The greatest amount of 
base bound in the range covered by this investigation, 0.90 M-eq/g, 
is somewhat more than the tyrosine alone would account for and is, 
fortuitously, equal to the tyrosine content plus the estimated content 
of free carboxyl groups. Presumably higher amounts of base would 
be bound at higher pH values at which, however, the estimation of 
base bound and of pH would be attended by such large errors as to 
make the experimental data unreliable. 

Additional evidence for the conclusion that the phenolic hydroxyl 
groups of tyrosine bind base is provided by the data on the combina¬ 
tion of methylated fibroin with potassium hydroxide, given in table 4. 
In this material all but approximately one-fifth of the tyrosine had 
been methylated. The titration curve (solid circles, fig. 1), is shifted 
toward higher pH. Up to pH 9.5 very little base is bound, and at 
an y given pH the amount bound is very much less than in the case 
of the unmethylated fibroin. This greatly decreased base-binding 
capacity of the methylated fibroin lends support to the interpretation 
of the very steep portion of the curves for non methylated fibroin as 
being due to the titration of the phenolic hydroxyl groups of tyrosine. 

Table 4. —Amounts of base bound by methylated fibroin at 0°C 


pH 

Base bound 


M-q/g 

8.74 

0.005 

9. 48 

.005 

12.15 

.037 

12. 55 

.061 

12.84 

.091 

13. 47 

.166 

14.14 

.283 
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THERMAL EXPANSION OF ELECTROLYTIC CHROMIUM 

By Peter Hidnert 


The linear thermal expansion of two samples of electrolytic chromium was 
investigated at various temperatures between —105° and +715° C. During 
the first heating or heatings, when hydrogen presumably was being evolved, 
the samples contracted in an irregular manner. After a few heatings, however, 
the irregularities disappeared and smooth expansion curves were obtained. It 
appears also, that the linear thermal expansion of electrolytic chromium, when it 
is first heated, may be affected by variables such as the temperature, time and 
rate of heating, previous treatment, etc. The following equations were derived 
for the length, L u at any temperature, *, between —100° and +700° C, and for 
the coefficient of expansion, a,, at any temperature, t , between —75° and +650° C: 

L ,=L 0 [H- (5.88* + 0.00774** — 0.00000388**) 10“«] 

and 

(5.88 + 0.01548* —0.00001163* a ) 10” 8 . 

The density of the sample of electrolytic chromium containing 99.3 percent of 
chromium increased 2.4 percent and the volume decreased 2.3 percent, after 
three cycles of heating to 500° C and cooling to room temperature. The length 
decreased 1.1 percent. 
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I. INTRODUCTION 

The main objects of the use of chromium electroplating are the 
prolongation of the life of metal or alloy parts subject to wear or 
temperature and the production of a decorative effect. The porositv 
of new deposits of electroplated chromium coatings has been observed 
to increase for several weeks or on heating [l], 1 and the development 
oi cracks in chromium plating during atmospheric exposure at ordi¬ 
nary temperatures has been discussed by several observers 12 31 
Determinations of the linear thermal expansion of electrolytic chro- 
therefore appeared to be desirable for a possible explanation 
of the behavior of chromium platings, particularly when heated. 

Disch [4] appears to be the first investigator who published data 

k , ne ? r th . erma .l expansion of chromium. He obtained the 
sample of chromium from Firma Th. Goldschmidt A.-G. in Essen, 

‘ The numbers In brackets Indicate the references at the end of this paper. 
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Germany, but he did not report any information about its chemical 
composition, preparation, or treatment. In 1922 Chevenard [5] 
published a curve indicating the coefficients of linear thermal expan¬ 
sion of chromium containing 98.3 percent of chromium. He also 
failed to give information about its preparation or treatment. 

In 1931 Hidnert [G] presented to the American Physical Society 
data on the linear thermal expansion of a sample of electrolytic chro¬ 
mium containing 99.3 percent of chromium. The present paper 
includes additional data on the thermal expansion of this sample 
and on another sample of electrolytic chromium. 

II. MATERIALS INVESTIGATED 

Table 1 gives the chemical composition and the density of the two 
samples of electrolytic chromium investigated. Sample 1359A was 
prepared at the National Bureau of Standards by G. E. Renfro and 

sample 13281 was prepared by Union Carbide & Carbon Research 
Laboratories, Inc., New York, N. Y. 

It was reported in 1931 [6] that chromium produced at the National 
Bureau of Standards, under conditions similar to those for sample 
1359A, was found to contain about 0.1 percent of hydrogen. 

The data in table 1 fail to account for the remaining 0.6 percent 
in sample 1359A or the 1.2 percent in sample 13281. Extensive 
investigation would be required to decide whether these undetermined 
portions consisted of (a) hydrogen in greater amount than was found 
by analysis of similar specimens, or (b) oxygen in some form, such as 
Cr 2 0 3 or Cr(OH) 3 . 


Table 1 . Chemical composition and density of electrolytic chromium 


Sample 

Material 

Chemical composition • 

Den¬ 
sity *> 

Cr 

Fe 

Si 

Mn 

Pb 

Cu 

1359A.... 

13281. 

(Tube, length 300 mm, outside diameter 9 mm, 

\ inside diameter 8 mm. 

Three pieces, each 8 mm in length 

% 

}99.3 

98.7 

% 

0. 002 

.003 

% 

0. 002 

(o, 0 

% 

(■) 

(•) 

% 

(») 

(®) 

% 

(°) 

(«) 

g/cm * 

/ 6.934 « 
\ 7.103 • 
7.03 « 



* Determined by R. M. Fowler, formerly of the National Bureau of Standards. 

b Determined by E. Hill and S. Alpher, formerly of National Bureau of Standards. 

0 Not detected. 

d At 22-6° C before first expansion test (see fig. 1). 

* At 22.3° C after third expansion test (see fig. 1). 

*,i S R ect:rograp k* c anal y sis by C. C. Kiess, of the National Bureau of Standards, indicated traces of Si 
and L. 

* At 25° C (on duplicate pieces before heating). 

III. APPARATUS 

Sample 1359A was investigated at various temperatures between 
—105° and +706° C with the precision-comparator type of thermal- 
expansion apparatus described by Souder and Hidnert [7]. Tests 1, 
2, 3, 9, and 10 were made with the white furnace shown at the left of 
figure 1 of their publication. Figure 4 of the same publication shows 
the details of mounting the sample in the furnace. Tests 4 to 8, 
inclusive, were made with the oil bath shown at the extreme right 
of figure 1 of the publication by Souder and Hidnert [7]. Figure 3 
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of their publication shows the sample, sample holder, and contact 
fingers for the vertical position wires used in the oil bath. 

On account of the small pieces of chromium available for sample 
13281, the interferometer method [8] of measuring thermal expansion 
was employed. Five tests were made with this method at various 
temperatures between 21° and 715° C. At each observation, the 
temperature was kept constant for a sufficiently lorn* time to make 
certain that the sample had attained temperature equilibrium. 


IV. RESULTS 


Ten tests were made on the linear thermal expansion of sample 
1359A, and five tests were made on sample 13281. Figure 1 shows the 
observations obtained in the first three tests on the linear thermal 
expansion of sample 1359A, and figure 2 shows the observations in the 
last two tests of this sample. Figure 3 shows the observations ob¬ 
tained in five tests on sample 13281. Each expansion curve was 
plotted from a different origin. The dotted portions of some curves 
indicate that in these regions sufficient observations were not obtained 
to locate the curves definitely. In each test, the numbers adjoining 
the observations represent the time, in hours, from the time of the 
initial observation. 

chao 1 to 3 on sample 1359A (fig. 1), the sample was heated to 
500 C and cooled to room temperature in the furnace in an atmosphere 
of air During the first heating to 500° C the sample contracted 
considerably, probably with an evolution of hydrogen. 2 At 500° C 
the sample was 0.7 percent shorter than the initial length before heat¬ 
ing. On cooling the sample to room temperature, the observations 
appeared to lie on a smooth curve. After cooling the sample to room 
temperature it was 1.1 percent shorter than before heating. 

The expansion curve obtained in the second heating of sample 
1359A is regular except in the neighborhood of 500° C. This slight 
irregularity was perhaps also accompanied by evolution of hydrogen. 

contraction curve obtained on cooling in the second test is regular 
and lies below the expansion curve. 

The expansion curve obtained in the third heating of sample 
1359A is smooth. It may therefore be assumed that no appreciable 
amount of hydrogen was evolved during this heating. The observa¬ 
tions on cooling during the third test lie slightly below the expansion 
curve. 

The expansion and contraction curves of the second and third tests 

of sample 1359A are nearly parallel to the contraction curve of the 
nrst test. 

The fourth test on sample 1359A between —105° and +100° C 
and tests 5 to 8, inclusive, between room temperature and 300° C* 
were made in the oil bath. The sample was surrounded by pentane 
at temperatures between -105° and +20° C, and by Renown engine 
oil at temperatures between 20° and 300° C. 

The observations of tests 9 and 10 on sample 1359A shown in figure 
were ob tained in the furnace between room temperature and 

wievoWed^nhe^iS? 81 tGSt W&S made ° D duplicate P ieces of sample 13281, and it was found that hydrogen 
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about 700° C. In test 9, the rate of expansion decreased above 500° 
C, probably with additional evolution of hydrogen. The contraction 
curve on cooling in test 9 is regular and lies below the expansion 
curve. The expansion curve in the tenth test is smooth, and the 
observations on cooling lie slightly below the expansion curve. 



TEMPERATURE 


Figure 2.—Linear thermal expansion of electrolytic chromium , 99.8 percent (tests 

9 and 10) 

Each number adjoining an observation indicates the time, in hours, from the time of the initial observation. 


• ^ he observations obtained on sample 13281 in tests 1 to 5 are shown 
m figure 3. In these tests by the interferometer method, the three 
pieces of chromium representing the sample were heated in a furnace 
atmosphere of air During the first heating, the sample con- 
tracted m the neighborhood of 300° C. In the second heating, the 

contracted in the neighborhood of 400° C. The sample was h2 d 
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TEMPERATURE 

Figure 3. —Linear thermal expansion of electrolytic chromium , 98.7 percent 

Each number adjoining an observation indicates the time, in hours, from the time of the initial observation 


to 700° C in the third test, and contracted at various temperatures 
between 400° and 700° C. The expansion curves obtained in the 
fourth and fifth tests are smooth, except for a slight irregularity above 
700° C. The observed contractions and irregularities probably were 
accompanied by evolution of hydrogen on heating the sample. 
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From the results on samples 1359A and 13281, it is apparent that 
the linear thermal expansion of electrolytic chromium before it is 
stabilized by repeated heating may be affected by the temperature, 
hydrogen content or liberation, time and rate of heating, previous 
heat treatment, etc. After electrolytic chromium has been stabilized, 
the linear thermal expansion is a fmiction only of the temperature. 

Table 2 gives average coefficients of expansion which were com¬ 
puted for various temperature ranges from the expansion and con¬ 
traction curves. The last column of the table shows the difference 
in length before and after each expansion test indicated. 

From the coefficients of expansion obtained in the tests in which 

the expansion curves were smooth and free from irregularities (sample 

1359A on tests 2 to 10, inclusive, and sample 13281 on tests 4 and 5), 

the following empirical equation was derived by the method of least 
squares: 

a,= (5.88 + 0.01548*—0.00001163 1 2 ) 10" 6 , (1) 


where a t represents the instantaneous coefficient of expansion or the 
rate of expansion at any temperature, *, between —75° and +650° C. 
I he probable error of a t is + 0.24X10 -6 . 

The curve representing the coefficients of expansion of the two 
samples of electrolytic chromium (99.3 and 98.7 percent) at various 


xicf 6 



TEMPERATURE 


Comparison of instantaneous coefficients of expansion of chromium nh - 
Ch^venaV\5l TeSent investi ° ation and in Previous investigations by Disch U] and 


erat 1 ur ? s between -75° and +650° C, which was computed 

from t ’w bgy re 4 - This figure includes a curve derived 

th ,f ta by D l sc b [4] on a sample of chromium of unknown 
purity and a curve from Chevenard [5] on a sample of chromium 

containing 98.3 percent of chromium. 3 Each of the curves is con 
cave towar d the temperature axis. At the lower temperatures, the 

* Impurities principally aluminum and iron, but amounts were not indicated by Chevenard. 
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coefficient of expansion increases rapidly with increasing temperature, 
but at higher temperatures the coefficient of expansion increases 
slowly. The coefficients of expansion obtained in the present in¬ 
vestigation are less than those obtained by Disch [4] and Cheve- 
nard [5]. 

The following equation was obtained by integrating eq 1: 

L t =L 0 [1 + (5.88£+0.00774tf 2 —0.00000388tf 3 )10" 6 ]. (2) 

In this equation, L t represents the length at any temperature, t, 
between —100° and +700° C and L 0 , the length at 0° C. 

Table 3 gives a comparison of average coefficients of expansion of 
chromium computed from eq 2 and from data by Disch [4]. 

Table 3. —Comparison of coefficients of expansion of chromium 


Temperature 

f Q T-\ r»A 

Average coefficients of 
expansion per degree 
centigrade 

range 

Present in¬ 
vestigation* 

Previous in¬ 
vestigation * 

°c 

-100 to 0 

Oto 100 

0 to 200 

Oto 300 

Oto 400 

Oto 500 

0 to 600 

0 to 700 

xio-« 

5.1 

6.6 

7.3 

7.9 

8.4 

8.8 

9.1 

9.4 

X10-fl 

•7.3 

8.4 

8.8 

9.1 

9.4 

9.7 


* Computed from eq 1. 

* Computed by author from data by Disch [41. 
o From -78° to 0° C. 

V. DISCUSSION 


Disch [4] stated that the sample of chromium which he investigated 
indicated a behavior similar to that of fused quartz. He found that 
this sample contracted on cooling until the temperature reached about 
-~183° C, but it expanded on further cooling. He was unable to 
obtain accurate values, for the surfaces of the chromium sample de¬ 
formed at low temperatures. The contraction between +20° and 

— 183° C was 1.25 mm/m, and that between +20° and —190° C was 
1.0 mm/m. 

Chevenard [5] found that the linear thermal expansion of a sample 

of chromium (98.3 percent) was reversible between 0° and 100° C. 

His sample of chromium did not appear to have any thermal singu¬ 
larity between 0° and 900° C (See fig. 4). 

. The results by Hidnert [6] in 1931 and the present investigation 

indicate that irregularities in the linear thermal expansion of electro- 

tic chromium may be related to evolution of hydrogen. Grube and 

Unabe [9] also found irregularities in the temperature-resistance 

curves of electrolytic chromium, which they stated can be traced to 
the hydrogen content. 

It appears to the author that the fine cracks which may be seen in 
some chromium plates subjected to temperature changes may be as- 
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cribed to evolution of hydrogen, which causes permanent shrinkage of 
the plates. 

That the quantity of hydrogen liberated may be appreciable is also 
evident from the results reported by Adcock [10]. As a sample of 
carefully dried electrodeposited chromium lost 0.1 percent of its 
weight when heated to 900° C under vacuum conditions, he presumed 
that the metal contains about this percentage of hydrogen, which is 
in agreement with the value reported in 1931 [6] for chromium pro¬ 
duced at the National Bureau of Standards. He stated that it seems 
definitely established that electrodeposited chromium also contains 
oxygen in some form. 

From the results in table 1 it is evident that the density of the sample 
of electrolytic chromium (99.3 percent) increased 2.4 percent after 3 
cycles of heating to 500° C and cooling to room temperature. The 
initial mass and volume of the sample were 37.954 g and 5.474 ml , 
respectively. After the three cycles of heating and cooling, the 
mass and volume were 37.978 g and 5.347 ml. In spite of evolution 
of hydrogen from the sample, its mass increased 0.024 g, or 0.06 
percent. It appears that the sample oxidized during heating in air, 
and that more than 0.06 percent of oxygen, by weight, was absorbed 
by the sample. The volume of the sample decreased 0.127 ml, or 
2.3 percent. 

The first heatings of electrolytic chromium, which reduce or elimi¬ 
nate the content of hydrogen, affect other properties, as well as the 
linear thermal expansion. The electrical resistivity 6 of a sample of 
electrolytic chromium prepared at this Bureau decreased nearly 50 
percent after heating to 500° C and cooling to room temperature. 
Additional heating to a higher temperature and cooling to room tem¬ 
perature caused a further decrease in the electrical resistivity. Ad¬ 
cock [10] found that the Brinell hardness number of electrolytic 
chromium decreased about 60 percent during heating to 900° C in vacuo. 
He found that the Brinell hardness number decreased still more if the 
chromium was treated with hydrogen at 1,500° to 1,600° C to remove 
oxide. 

VI. SUMMARY AND CONCLUSIONS 

The linear thermal expansion of two samples of electrolytic chro¬ 
mium (99.3 and 98.7 percent) was investigated at various temperatures 
between —105° and +715° C with a precision comparator method 
and with an interference method. A total of 15 tests was made. 

The samples of electrolytic chromium contracted during the first 
heating when hydrogen presumably was evolved. It was possible to 
obtain smooth expansion curves after repeated heating. 

After the first heating to 500° C and cooling to room temperature, 
the sample of electrolytic chromium containing 99.3 percent of chro¬ 
mium was 1.1 percent shorter than the initial length before heating. 

A smaller change was noted for the other sample of electrolytic 
chromium. 

The linear thermal expansion of electrolytic chromium before it is 
stabilized, by repeated heating, is a function of the temperature, 
hydrogen content or liberation, time and rate of heating, previous 
treatment, etc. After repeated heatings of electrolytic chromium, 
the linear thermal expansion is a function only of the temperature. 

• Information about electrical resistivity was furnished by I. L. Cooter, of this Bureau. 
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From the coefficients of expansion obtained in tests in which the 
expansion curves were smooth and apparently not affected by hydro¬ 
gen, the following equations were derived: 


a,= (5.88+0.01548<—0.00001163< 2 )10- # 

and 

i«=i 0 [l-t-(5.88<+0.00774< 2 0.000003 88^)10-°], 


( 1 ) 

( 2 ) 


where a, represents the instantaneous coefficient of expansion or rate 
of expansion at any temperature, t, between —75° and +650° C- 
L a represents the length at 0° C; and L, the length at any tempera¬ 
ture, t between -100° and +700° C. Figure 4 and table 3 give co¬ 
efficients of expansion computed from eq 1 and 2, and show compari- 
sons with data from other observers. 

The volume of the sample of electrolytic chromium containing* 99 3 
percent of chromium decreased 2.3 percent after three cycles of heat- 
mg to 500 C and cooling to room temperature. The density in¬ 
creased 2.4 percent, for the mass of the sample increased only 0.06 

pci cent. 


m 


[ 2 ] 

[3] 

[4] 
15] 
[ 6 ] 
[7[ 
18] 
[9] 
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MICROSCOPIC STRUCTURE OF THE COTTON FIBER 


By Charles W. Hock, Robert C. Ramsay, and Milton Harris 1 


abstract 

During the examination of cotton fibers that had received various chemical 
treatments, a number of observations pertaining to the structural details of the 
fiber were made. Those phenomena which appeared to be new were investi¬ 
gated in detail. In addition, experiments described by earlier investigators were 
repeated in order to have a better composite picture of the structure of the fiber. 

The cell wall of a cotton fiber consists of a primary and a secondary wall. The 
latter, which comprises the bulk of the fiber, consists of innumerable spirally 
oriented cellulose fibrils enclosed by a winding which also makes a spiral, but in 
the opposite direction from the former. Both the winding and the fibrils reverse 
their direction at frequent intervals along the axis of the fiber, their points of 
reversal being coincident. The secondary wall is enclosed by a thin primary 
wall. The latter is made up of fine crisscrossing strands of cellulose embedded 
in a membrane consisting principally of wax and pectic substance. The lumen 
also contains wax and pectic materials, plus various amounts of degenerated 
protoplasm. 

When cotton fibers are swollen under certain conditions, a lamellate structure 
is discernible in the secondary wall. The number of these lamellae increases with 
the age of the fiber. 

On treatment of cotton fibers with cuprammonium hydroxide reagent, the cel¬ 
lulose dissolves, leaving residues which vary in amount and in structure, depend¬ 
ing upon the extent of purification of the fibers. The residue from raw and from 
dewaxed fibers consists of fragments of the primary wall, and of a lesser amount 
of material from the lumen. The behavior of the fibers in the reagent depends in 
part on their maturity. Immature fibers containing only small amounts of cel¬ 
lulose swell relatively little in the reagent, and the undissolved wax and pectic 
materials maintain the original tubular shape of the primary wall. When older 
fibers are given the same treatment, they swell abruptly, thereby causing the 
primary wall to break in many places, giving rise to “balloons.” 

Irregular swelling along the fiber axis, which results in the formation of bal¬ 
loons, appears to be dependent in part on the orientation of the fibrils, and in 
part on the constricting influences of the winding and of the 
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I. INTRODUCTION 

As a part of a program of research relating to the chemical and 
physical structure of textile fibers, microscopic examinations were 
made of cotton fibers which had received various chemical treatments. 
A number of observations pertaining to the structural details of the 
cell wall of the cotton fiber were made. Those phenomena which 
i * * . were investigated in considerable detail. In 

addition, experiments described by earlier investigators (Balls 
U> 2, 3], 2 Denham [4], Sakostschikoff and Korsheniovsky [5], Kerr 
[6], Anderson and Kerr [7], Farr [8], and Barrows [9]) were repeated, 
and are reported here for the sake of completeness. 

II. MATERIALS 

Two varieties of Gossypium hirsutum L., Missdel-7 and Mexican 
Big Boll, were used in the investigation. Samples of each were 
furnished by the Agricultural Marketing Service of the U. S. Depart¬ 
ment of Agriculture. Missdel-7 was grown at the Delta Experiment 
Station, Stoneville, Miss. Only fibers from open bolls of this variety 
were used. The samples of Mexican Big Boll variety, grown at the 
Experiment Station at Raleigh, N. C., were from special case-historied 
material collected for joint fiber structural studies by the Bureau of 
Plant Industry and the Agricultural Marketing Service. The samples 
of the latter were principally young or immature fibers from bolls of 
known age. Fibers of different ages were obtained by tagging the 
flowers on the day of blooming and then collecting the bolls on suc¬ 
cessive dates so as to give material of the desired age. Two series of 
immature Mexican Big Boll fibers were used. One, collected during 
the summer of 1939, consisted of dried fibers in which deposition of 
secondary cellulose had begun. The other, collected during the 
summer of 1937, consisted of very young fibers with primary wall only. 
The second set of fibers was obtained from bolls, the locks of which, at 
the time of collection, had been placed in boiling water for a few 
minutes to untangle the fibers, and then stored in approximately 
70-percent ethyl alcohol. 

Those fibers which received no chemical treatments are termed 
4 Taw fibers.’’ In the present paper the young Mexican Big Boll 
fibers which had been boiled in water and then placed in alcohol are 
also included in this category, although it is recognized that the 
treatment was not without effect on the composition of the fibers. 
The natural waxes were removed from some of the raw fibers by ex¬ 
traction with alcohol and ether for 24 hours each. These fibers are 
termed “dewaxed fibers.” A portion of the dewaxed material was 
further purified by extraction with alkali according to the method 
recommended for the preparation of standard cellulose. The pro¬ 
cedure was essentially the same as that described by Corey and Gray 
[10], except that the apparatus of Worner and Mease [11] was em¬ 
ployed. These fibers, from which both wax and pectic substance were 
removed [12], are termed “depectinized fibers.” 

Cuprammonium hydroxide solution was prepared according to the 
recommendation of Mease [13]. The solution contained 240 ±5 g 
of ammonia (NH 3 ), 15 ±0.1 g of copper, and 1.0 g of sucrose per 
liter. The concentration of nitrite was less than 0.5 percent. When 

* Figures in brackets indicate the literature references at the end of this paper. 
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not in actual use, the cuprammonium hydroxide was kept under 
nitrogen in tightly stoppered bottles in the refrigerator. 

Trimethylbenzylammonium hydroxide was used in some of the 
experiments. The stock solution, which was 2.5 N, was diluted with 
water just before using. 

For staining cellulose, iodine and sulfuric acid [14], zinc chloride- 
iodine [14], and an alkaline solution of Congo red (0.5 percent of dye 
in a 0.5-percent solution of sodium hydroxide) were used. Aqueous 
solutions of ruthenium red were used for staining pectic compounds 
[15]. Although ruthenium red is not a specific stain for pectic sub¬ 
stance, native pectic compounds invariably take a red color in the 
presence of this dye [7]. 

III. EXPERIMENTAL PROCEDURE AND RESULTS 

The cell wall of the cotton fiber is composed of a primary and a 
secondary wall. The primary wall, in accordance with the description 
of Anderson and Kerr [7], is considered to be the outer sheath of the 
fiber, or the portion of the wall formed as the fiber increases in length. 
Secondary wall then refers to that part of the wall which is laid down 
after the fibers cease to elongate appreciably. Only the thin primary 
wall encloses the protoplasm of the cotton hair as the fiber elongates 
during the first 13 to 20 days after its origin. Thereafter, the thick¬ 
ness of the wall is increased by a deposition of cellulose which com¬ 
prises the secondary wall. For convenience in discussion, these two 
distinct layers are considered separately. 

1. PRIMARY WALL 


Young fibers, 3, 5, 8, and 15 days old, were mounted in water and 
examined microscopically. With ordinary light there was no evidence 
of structure in the thin primary wall. The walls stained deeply and 
uniformly with ruthenium red. When treated with an alkaline solu¬ 
tion of Congo red, zinc chloride-iodine, or iodine and sulfuric acid, the 
fibers gave a faint color reaction. In older primary walls, for example 
in a 15-day fiber, an ill-defined pattern was observable in the wall. 

On examination with crossed nicols, unstained fibers showed prac¬ 
tically no birefringence. Insertion of a selenite plate between the 
nicols produced faint colors indicative of a predominantly transverse 
orientation. Although these fibers showed little birefringence when 
unstained, they were clearly anisotropic after treatment with a dye 
such as Congo red. This increase in birefringence upon staining is 
due, apparently, to the double refraction of the preferentially oriented 
dye molecules [16, 17]. 

When wax and pectic substance were removed from 15-day fibers 
the material which remained still had the outline of the original fiber 
and stained with Congo red, zinc chloride-iodine, and iodine and 
sulfuric acid. Between crossed nicols, the stained depectinized fibers 
were birefringent and showed a pattern like that in the stained walls 
of raw fibers. When the purified fibers were placed in cuprammonium 

hydroxide solution, they appeared to dissolve completely in the 
reagent. 

The stained walls of both the raw and the depectinized fibers were 
suitable for observing the cellulose 3 of the primary wall. In agree- 


I 0f this material hQ s not been definitely established. X-ray investigations, staining 
reactions, and behavior in cuprammonium hydroxide solutions indicate that it is probably ceUulosic in nature. 
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ment with the description by Balls [2, 3], and by Anderson and Kerr 
[7J, the cellulose, as observed with crossed nicols, was found to be 
present as criss-crossing strands. At 45° with respect to the planes of 
the nicols, the fiber showed its maximum brightness and presented a 
reticulate appearance (fig. 1,-4). When a fiber was rotated to the 
right or left of its position of maximum brightness, either one or the 
other of the systems of crisscrossing strands predominated the image 
(fig. 1, B and C). Measurements 4 of the angles which these bire- 
frmgent strands made with the axis of the fiber were made on fibers 
of difieient ages. Phe results indicate that the angle of orientation 
decreases with increase in age of the fiber. In other words, the orien¬ 
tation was more nearly transverse in the younger than in the older 
ones. Likewise, the netlike structure of the cellulose, when the fibers 
were placed at 45°, appeared coarser (compare fig. 1 , A , with fio- 2 A) 
and showed greater birefringence in the older fibers. The greater bire¬ 
fringence of the older fibers is not readily apparent from the photo¬ 
graphs, as they were taken primarily to show the netlike structure 
Measurements also indicated that the angle which the cellulose strands 
made with the fiber axis was greater at the tip than at the base, 
these differences were especially noticeable in 15-day fibers where 
the growing cell had nearly attained its maximum length. 

The above observations were confirmed by the examination of 
single walls obtained by cutting longitudinal sections of the fibers 
with the aid of a freezing microtome. Staining reactions and bire- 

iimgence measurements gave essentially the same results as those 
obtained with intact fibers (fig. 2, B ). 

After the initiation of secondary thickening, the predominantly 
transverse orientation (with respect to the fiber axis) of the cellulose 
m the primary wall was masked, after a few days, by the more nearly 
parallel orientation of the cellulose in the secondary wall. This 
change was evident upon examination of the fibers with crossed nicols 
and a selenite plate, as well as by observation with ordinary light, and 
is in agreement with the results of the X-ray work of Berkley [18]. 


2. SINGLE FIBERS IN CUPRAMMONIUM REAGENT 


The bulk of the cellulose of a cotton fiber is in the secondary wall. 
For this reason the attention of most investigators has been directed 
mainly to this part of the fiber. 

In a previous investigation [19] it was found that the cellulose 
dissolved during the treatment of cotton with cuprammonium hydrox¬ 
ide solutions, leaving residues which varied in amount and in struc¬ 
ture, depending upon the extent of purification of the fibers. When 
raw and dewaxed mature fibers were placed on microscope slides and 
then treated with cuprammonium reagent, the fibers immediately 
began to swell and twist, often forming balloon-like structures (fig. 
3, A). The residue which remained after dissolution of the cellulose 
consisted principally of fragments (fig. 3, B) of the primary wall and, 
to a lesser extent, of material from the lumen. These residues were 
isotropic, contained pectic substance [12], and stained deeply with 
ruthenium red. They were often clumped into accordion-like struc¬ 
tures which could be stretched with the needles of a micromanipulator 
to form continuous tubes corresponding to the condition in the intact 


4 The angle which the strands made with the axis of the fiber 
means of a rotating stage marked in degrees. 


were measured at the center of the fiber by 
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fibers. These tubes, which appeared to be soft and pliable, were 
readily torn by this treatment. Depectinized fibers dissolved in 
cuprammonium reagent, leaving only a negligible amount of iso¬ 
tropic residue which exhibited no definite cell structure. 

When immature fibers in which only a small amount of secondary 
thickening had occurred were treated with cuprammonium reagent, 
relatively few visible changes took place. Few “balloons” were 
formed and, therefore, the primary wall was left practically intact. 
The mild reaction of young fibers in cuprammonium hydroxide was 
in sharp contrast to the swelling, writhing, and twisting of mature 
fibers. Young fibers containing only small amounts of cellulose 
swelled little in the reagent, and the undissolved wax and pec tic 
materials maintained the original tubular shape (fig. 3, C) of the pri¬ 
mary wall. By noting their behavior in cuprammonium hydroxide, 
it was thus possible to distinguish mature from immature fibers. 


3. CROSS SECTIONS OF FIBERS IN CUPRAMMONIUM REAGENT 

In order to study further the behavior of cotton fibers in cupram¬ 
monium reagent, cross sections of raw , dewaxed , and depectinized 
fibers were made. The usual procedure for making sections, whereby 
the fibers are embedded in paraffin, collodion, gelatin, or a similar 

as it is necessary to remove the embedding 
materials from the sections after they are cut, and the solvents used 
for this purpose also take out some of the waxes or pectic substance 
from the untreated cotton fiber. Accordingly, cross sections were 
made by simpler methods, which may not give sections as uniform 
as those obtained with embedded material, but have the advantage 
of leaving the fibers unaltered in their chemical composition. 

By means of the device of Hardy [20], fibers were cut into sections 
about 10 microns thick without embedding. The sections were 
placed on microscope slides and then examined, as cuprammonium 
hydroxide solution was drawn under the cover glass. The sections of 
raw fibers swelled in the reagent, and in a short time the cellulose 
appeared to be dissolved, leaving a residue in the form of rings and 
other fragments of material (fig. 3, D ) which stained with ruthenium 
red. Most of the residue came from the surface of the fiber, a lesser 
amount from the lumen. When this behavior was observed with 
crossed nicols, it was noted that the birefringence of the sections was 

wi 1 aS tl10 - ce ^ ulose dissolved and that the residue was isotropic. 
When sections were swollen only slightly in dilute cuprammonium 
reagent and then placed in ruthenium red, deeply stained red bands 
were discernible at the circumference and in the lumen (fig. 3 E). 
Sections of devxixed fibers behaved in essentially the same way as raw 
cotton. Dissolution of the cellulose took place rapidly, leaving an 
isotropic residue which stained with ruthenium red and was similar to 
that obtained from the raw fibers. When sections of depectinized 

Jibers were treated with cuprammonium hydroxide they dissolved 
almost completely in the reagent. 

Cuprammonium reagent dissolves the cellulose of single cotton fibers 

Hilnt f n C Tr SeCtl 0 ? S L in a relativel y short time. On the other hand, 
dilute solutions of the reagent swell the fibers but dissolution of the 

excel W 18 great1 / retarded Swelling fibers in this way offers an 

hra nn 118 ° f ^serving details of their structure. Cross sections 
anout 10 microns thick were placed on microscope slides and then 
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d'n/.VoH W 1 f cu I? lalnn ionium hydroxide solution which had been 
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n.™r ’T swelled to many times their original diameter, thereby 
11 wealing■ a lamellate structure (fig. 4, A and B) . During the course of 

the Zl, S f C fi , 0 n m USUaIly lnv T ted ’ 30 tbafc the r c^ io n originally at 
WlLrZ °- f fclie fiber occupied the former position of the lumen. 

tfifr 4 1 ^ vers | on was incomplete, cone-shaped structures were formed 

the’wov nnrl Z e f r - S10n nT obs ® rv ? d in sections of fibers from which 
fiZr v d Pu- tlC substance had been removed, as well as in raw 

inverting “TA 11 s , c , ct K lons ? f mature fibers sometimes swelled without 

micitin l 85 might ensily occur in making sections only a few 
inv'rmv rwh- W ° U d _ a . °w the sections to expand without 
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inversion Sma ai P ount of cellulose. The regularity with which 

cates that Z t Pan r/ t lG sweh ? g of sections of mature fibers indi- 

ized fit" , Sl . n , Ce mversi ? n occurs regularly, even in depectin- 

enn mt he nr', in f° ubc wa * and P ectic substance in the primary wall 
t erefnro P ( Ilm f ard y responsible for the observed behavior. It appears, 

wW iLn! V a ' 7 er or mcm brane which has not yet been identified, or 
twenn iV, Q • ° r 5 lore probable, to a differential rate of swelling be- 

mner and outer layers of the cellulose of the secondary wall. 

4. LAMELLAE AND GROWTH RINGS 

n °k readily seen in untreated cross sections but were 
y visible in properly swollen material. When treated with 

re agent diluted four to six times with concentrated 
monium hydroxide, swelling of the cellulose took place in such a way 
as to reveal lamellae. Slight pressure on the cover glass helped to 
pread the swollen sections and thus render the lamellae more distinct, 
ut this technique was not necessary for making these structures 
\isibie. When for example, the cover glass was supported by bits of 
oroRen cover glass to prevent pressure on the sections, swelling took 
place as usual and lamellae were clearly discernible. Likewise, when 

observed° nS WGle swo ^ cn * n a hanging drop , 5 lamellae were similarly 

On treating the swollen sections with Congo red, alternating 
amellae appeared to be deeply and lightly stained with the dye 

ifZ U i Between crossed nicols these sections showed 

la y ers strong and of weakly birefringent material 

The above-described techniques were applied to Missdel -7 and to 
lexican Big Boll cottons. In both varieties the structure of the 
ers was essentially the same. The average number of lamellae in 
a mature fiber was between 45 and 50. Individual lamellae varied 
in thickness from 0.1 to 0.2 micron . 6 The first lamella appeared to 
be deposit ed between the 18th and 20 th day after flowering, the 
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number increasing thereafter as the fiber approached maturity. The 
increase in the number of lamellae with age can be seen by comparing 
figure 4 (A) with figure 4 ( B ). 

The lamellae, so clearly observed in swollen cross sections, can also 
be seen in longitudinal view [1], when the microscope is focused mid¬ 
way between the upper and lower surfaces of a swollen liber. Fibers 
from which both wax and pectic substance were removed were prefer¬ 
able for these observations, as the purified fibers swelled more uniform¬ 
ly than raw fibers. When observed in this way, the libers showed 
striations 7 running parallel to the fiber axis and extending from the 
lumen to the outer surface (fig. 5, A). The striations were readily 
discernible in unstained mounts, but the addition of Congo red 
rendered the pattern more distinct. When examined with crossed 
nicols alternating stripes of strongly and of weakly birefringent mate¬ 
rial were observed (fig. 5, B). As the fiber matures, the thickness of the 
wall becomes greater and the number of striations is increased. The 
number of striations in Mexican Big Boll from 18 days to maturity 
was found to agree with the number of lamellae counted in cross 
sections. 

According to Kerr [6], two lamellae, one compact and one porous, 
are deposited each day during the period of secondary-wall deposition. 
These two lamellae (or two adjacent striations) together constitute a 
daily growth ring. Using "growth ring” in this sense, the relationship 
between these rings and the age of the fiber is shown graphically in 
figure 6. It is readily seen that there is a close correlation between 
the counts of lamellae and of striations. For the first 10 to 15 days 
after the initiation of secondary deposition, one growth ring was 
laid down per day. Thereafter, until maturity, additional growth 
rings were formed, but the rate of one ring per day was apparently 
not maintained. However, closer examination of the data showed 
that the counts of lamellae and of striations varied considerably in 
fibers older than 35 days. This may mean that individual fibers 
continued to deposit one growth ring daily, but that the average for 
the group is lowered because of the early maturation of some of the 
fibers. 

These results confirm the work of Balls [1] and Kerr [6]. They 
are not in agreement with the results of the investigations by Sakost- 
chikoff and Korsheniovsky [5] and Barrows [9], who were unable to 
establish a consistent relationship between the number of lamellae 
and the age of the fibers. 

Figure 7 shows the increase in width of the secondary wall with 
the age of the cotton fiber. After about the first 15 days of secondary- 
wall formation there is only a slight increase in thickness as the fibers 
continue to mature. This is consistent with a recent investigation 
[21] in which it was demonstrated that the percentage of cellulose in 
a series of cotton samples of different ages increased rapidly until 
about the 35th day after flowering, and that thereafter there was 
only a small further increase with age. A comparison of the curves 
of figures 6 and 7 suggests that the initial growth rings are wider 
than those laid down after the 35th day. 


if i t! ?G Present paper, the layers observed in cross section are called lamellae, whereas the lavers ohsorv^d 
stru?tu g ;es dinal vW "* Strlatlons ' Both lamellae and stations 
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Lamellae, or striations, were also revealed when fibers were treated 
with reagents other than cuprammonium hydroxide. Trimethyl- 
benzylammonium hydroxide had essentially the same effect as cup¬ 
rammonium reagent. Combined treatment with sodium hydroxide 
and carbon disulfide, and treatment with phosphoric acid also 
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DAYS AFTER FLOWERING 

Figure 6.— Growth rings in relation to the age of the fiber. 

Open circles represent growth rings estimated from the number of lamellae counted in fiber cross sections 
(25 sections counted for each point of the curve). Solid circles represent growth rings estimated from the 
number of striations counted in longitudinal view (50 sections counted for each point of the curve). 

revealed a lamellate structure in the fiber, but cuprammonium 
hydroxide and trimethylbenzylammonium hydroxide were preferable 
for this work. 

5. FIBRILLAR STRUCTURE 

The investigation of the structural details of the cotton fiber was 
continued with single fibers. These were mounted in distilled water 
(fig. 8, A) and then examined with crossed nicols. When the fibers 
were placed approximately parallel to the plane of vibration of light 
through one of the prisms, the high birefringence of the fiber was 
interrupted by dark extinction bands at irregular intervals along its 
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axis (fig. 8, B ). The same phenomenon has previously been noted 
by Balls [2]. When a selenite plate was inserted between the nicols, 
contrasting colors, indicative of differences in orientation, appeared 
in regions adjacent to the extinction bands (fig. 8, C). The number 
of convolutions or twists of the fiber which occurred in a region 
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DAYS AFTER FLOWERING 

Figure 7. —Increase in width of the wall with increase in age of the fiber. 

Each point of the curve represents an average of 200 measurements. 


between two bands of extinction varied considerably, depending 
apparently on the length of the region. However, in a region which 
showed uniform optical properties the convolutions were always in 
the same direction. 

The optical variations just described were also correlated with 
differences in structure observed in depectinized 8 fibers swollen in 
dilute cuprammoniiun hydroxide or in solutions of trimethylbenzyl- 
ammonium hydroxide. For this experiment the cuprammonium 
reagent was diluted three to four times with concentrated ammonia, 
and the trimethylbenzylammonium hydroxide was diluted with 


flbc ” were V 631 s ? ited f °r these experiments, since, after removal of the outer membrane 
of wax and pectic substance, irregular swelling along the axis could be minimized. 
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water to a concentration of 2.2 to 2.4 N. Upon swelling, the fibers 
cleaily revealed a fibrillar structure. The bulk of a fiber was made 
up of innumerable fine fibrils oriented at an acute angle with respect 
to the axis of the fiber. The fibrils were enclosed by a windino* 9 
which appealed to be a little coarser than the fibrils themselves. 

In fibers which had been swollen only slightly, it was observed that 
this outer winding was closely spaced and made a moderately steep 
spiral (fig. 9, A and B). The winding, like the bulk of the fiber, 
stained with Congo red, zinc chloride-iodine, and iodine and sulfuric 
acid, and appeared to dissolve in cuprammonium reagent. It made 
either an S or a Z twist 10 around the fiber, reversal of direction 
taking place (fig- 9, C) many times in a single fiber. Examination 
showed that both types of twist occur with about equal frequency. 
Invariably the orientation of the fibrils immediately beneath the 
outer winding was in the opposite direction. In other words, if the 
winding made an S twist, the fibrils immediately beneath made a 

* 1 * i as could be determined, all of the fibrils under the 

winding at any one place appeared to run in the same direction. 

It became apparent that reversals of direction of the cellulose 
fibrils and of the winding were responsible for the optical differences 
observed with crossed nicols, and that the band of extinction was the 
place at which the reversals occurred. The number of optical re- 
versals occurring in a single fiber or fragment invariably was the 
same as the number of fibril reversals. Likewise, the relationship 
between the fibrillar orientation and the convolutions became clear. 
It was found that the direction of a convolution usualh 7 was the 
same as the spiral direction of the winding. That is to say, when 

the winding made an S twist around the axis, the convolutions in 
that region also showed an S twist. 

The fibrillar structure of the secondary wall was studied to better 
advantage upon handling the fibers with microneedles. In some 
cases the outer winding was picked up by the needles and pulled 
away from the rest of the fiber or the winding was pulled along the 
axis of the fiber in such a way as to form a clump. Needles were 
brought into the innumerable fine fibrils comprising the bulk of the 

C rE i Se °- f th ? secondary wall only by careful manipulation. The 
difficulty in picking up these fibrils appeared to be due to lateral 
cohesion of the fibrils themselves. After insertion of the needles, 
however, the fibrils could be separated from one another (fig. 10,' 
A and B) and otherwise subjected to micromanipulative methods. 


6. BALLOON FORMATION 


Depectmized fibers were also examined in cuprammonium hydroxide 
solutions of various concentrations. It soon became clear that there 
was a relationship between the optical differences and fibril reversals 
on the one hand, and balloon formation on the other. In concentrated 
cuprammonium hydroxide solutions (reagent diluted not more than 

concentrated ammonia) dissolution of the cellulose of 
the fibers took place in a relatively short time. The fibers appeared 
to break in to large chunks which became progressively smaller as dis- 


discussion It will he’ransfdered'sep^Siy 03 fibrUS WhiCh Up thS buIk of the flbor ' t0 facilitate 

a vertS ® ta . ndar ? s on T ext , ile Materials [ 22 ]. a 3 mm or cord has an S twist if, when held in 

SDirals^JrSn^ PT* .conforms in slope to the central portion of the letter S, and a Z twist if the 

be applied to fibrils ^ 6 centra P° rtlon of the letter Z. In the present paper, the same terminology will 
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Figure 8. Raw mature fiber mounted in water and photographed under various 

Lighting conditions . 

^where'tluffit^Hlarorieiitation roveV^s^ C betww'n cMssed'nic^ls s ^ ow } ng bands of extinction 

dUC l ° diirereDCeS in in regions adjacent to 



I* i«r he 9. I)c pert ini zed fibers showing (he winding. 


I. I- ih. r swollen slightly in dilute cupraminonitmi hydroxide solution; li, fiber treated with zinc chloride- 
joumc and photographed between crossed nicols; C\ fiber, showing reversal, treated with zinc chloride- 
iodine and photographed between crossed nicols; magnification. .1. li, and C, X420. 






IGl KE 10 - 1)( f ,e cttn t zed fibers swollen in dilute cuprammonium hydroxide solid it 

and handled with microneedles. 

?'*?*' m,ri " ar \ ,r ' Kt ' ,r, ' ; ,f - «*«* Mo, pulled aw, 
ar( not sh<nwi 111 1,10 photomicrograph.) Magnification, A and II. X500. 
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(.otlnn fibers swollen m cuprammonium hydroxide solution to produce 

balloons. 


ioii^><V^ViV^ between crossed nicols, (selenite plate inserted), 
have resulted from \.,1 , 1 r T , ■ ’ - , , Ir !" " mding. 1 he coarse appearance of the winding may 

X420. typical strin” of h'dlo.ins in .fi^rilsjiiirinp incipient balloon formation, magnification 

raw lit>iT JlSi' iS n depectimzed fiber, magnification Xf>00. 1>. string of balloons in a 

stained with ruthenium red. MignificSnX^Jo/ 110 VnTDary Wal1 coniu ‘ tting ,hc constrictions. Fiber 
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solution proceeded. Observed between crossed nicols, the highly 
birefrmgent fibers were seen to break up into fragments which steadily 
became less birefrmgent until the field of the microscope was black 
In dilute solutions (diluted between 3 and 10 times) the fibers swelled 
Teatly but complete dissolution generally did not occur. As swelling 
;p°k place balloons were occasionally formed. When the behavior of 
die fibers was observed with crossed nicols, the fibers were seen to 
become progressively dimmer as the cellulose dissolved. The ex¬ 
panded part of a balloon was the first to lose its birefringence, since 
here the cellulose had become highly disorganized. On the other 
hand, the constrictions were slow in losing their anisotropy (fio-, 11 , y \) 
since the reagent penetrated these regions slowly. When fibers which 
had lost much of their birefringence during swelling in cupraminonium 
solution were placed m water, some of the original birefringence of 
e fibers, as well as some of their fibrillar appearance, was restored. 
I he occurrence of balloons in depectinized fibers was somewhat sur¬ 
ging, since experiments by ourselves and by others indicated that 
.e primary wall plays an important role in the formation of balloons 
Accordingly, the phenomenon was studied further, especially in depec- 
umzed fibers from which the wax and pectic substance had been re¬ 
moved. i he optimum concentration of cuprammonium hydroxide 
solution for observing balloons in these fibers was between 15 and 20 
percent (1.5 to 2.0 ml of the reagent diluted to 10 ml by the addition 
of concentrated ammonia). When depectinized fibers were placed in 
these solutions they often swelled unevenly along the axis, thereby 

fb^ bnllnn e n«° n l ba l0 f 0I1S ^'m 1, B and C )■ The expanded portion of 
the balloons almost invariably occurred between the points at which 

the fibrils reversed, whereas the reversal points themselves formed the 

constrictions between adjacent balloons. Fragments of depectinized 

formstTr^ 1C nf h 1 < li Ved °° e ^ t . 1 ^ ct ^ n bands usua ly swelled without tho 
foimation of balloons and the direction of the fibrils was found to be 

constant Because of tho orientation of the cellulose within the fiber 

the greatest swelling occurs perpendicular to the fiber axis, while at 

the same time there is an actual decrease in fiber length. As these 

c langes in length and in width take place, the winding assumes a more 

transverse position (fig. 11 , B) and becomes clumped at the consTric! 

, However, the uniform lateral expansion of the fiber is hindered 

somewhat by tins same winding which does not expand freely in that 

direction. Accordingly, the winding also appears to exert a constrict¬ 
ing influence on the swelling of the fibers. 

It lias been recognized that tho primary wall is responsible, at least 
in part, for the formation of balloons. The rupture of this wall into 

a series of constrictions which restrains the expanding cellulose has 

frequently been described. Furthermore, fragments of raw fibers which 

as swelling occurs whereas similar fragments of depectinized fibers 
do not produce balloons. When balloons arc formed in raw fibers the 

w Se « fibnl ! ma - y push through the winding and the primary wall 

, Ul fi Pnmary ) va11 (%• 11, D). Thus the above experiments 
quently relults °inT 2 LS ifpaT^on Ihe' 
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OBLIQUE-INCIDENCE RADIO TRANSMISSION AND THE 

LORENTZ POLARIZATION TERM 


By Newbern Smith 


abstract 

The force on an electron in an ionized medium may be written (e + iwaP per 

unit charge, where <§ is the electric force, P the polarization of the medium, and a 
a constant winch is zero on the Sellmeyer theory and may have a value of 1/3 on 
the Lorentz theory. A well-defined distinction exists between maximum usable 
frequencies for ionospheric radio transmission calculated on the basis of the two 
theories this paper describes a type of experiment for measuring maximum 
usable frequencies and comparing them with calculated values. The results 
indicate that a is probably zero, at least in these experiments. There is also 
described a stop-by-step method of solving the virtual-height integral equation, 
necessary in much theoretical work concerning the ionosphere. 4 
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I. INTRODUCTION 

, Tt ? e . question whether the force on an electron in an ionized medium 
should be taken as merely the applied electric force, Sf, or the so-called 
Lorentz force, «?+47raP [l], 1 where P is the polarization of the medium 
and a is a constant which is usually taken as 1/3, is of fundamental 
importance m the theory of the ionosphere. The two theories are 

respectively, as the Sellmeyer theory and the Lorentz theory 
difference between them represents a difference of 50 percent 
m the equivalent electron density in the ionosphere. 

ihe argument had apparently been settled in favor of the Sellmever 

£bff:vTr pened by a 4io P experiment"/looker and 

lierkner [3], which they were able to interpret only in terms of the 

samrUnc/o'fTadii 11 Aus ^ ralia / Mart y n and Munro [4] explained the 
A ™w d £ f radl ° experiment in terms of the Sellmeyer theory but 

probation! Farmer ’ and Ratchffe [5] in England attacked this^mter- 

• r , d 'b e rad l° experiments referred to were all performed at vertical 

frequency of £tro lgh ^° tK°° d °n ^frequency, or processional 
irequency of electrons in the earth’s magnetic field (about 1 4 Mc/sl 

™^jnirjx>se of this paper is to present the results of a different kind 

Kurcs m brackets Indicate the literature references at the end of this paper. 
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of radio experiment—one involving ionospheric transmission of radio 

waves oyer a distance at oblique incidence, at a high frequency, and 
during the daylight hours. 4 



COSINE <t>, 

Figure 1 . Oblique-incidence relations for Sellmeyer and Lorenlz theories. 

z/=height of equivalent triangular path, a = 1/3 

frequ°cn e cy , ) iVaIent triaDguIar path - 0=0 < cf l ual “> virtual height at equivalent vertical-incidence 

™ /^equivalent vertical-incidence frequency, a = 1/3 
/ cos «/>i—equivalent vertical-incidence frequency, a=0 

01-angle of incidence of waves upon the ionized layers. 

II. THEORY, NEGLECTING THE EARTH’S MAGNETIC 

FIELD 

. There exists a well-defined distinction in the behavior of oblique- 
mcicience radio transmission according to the two theories. This 
distinction is that the maximum usable frequency for radio sky-wave 
transmission over a given distance is greater for the Lorentz theory 
than for the Sellmeyer theory. 

In two previous papers [6, 7] the author outlined a method of calcu¬ 
lating maximum usable frequencies and heights of reflection for 
oblique-incidence radio transmission directly from the curve of 
frequency versus virtual height obtained at vertical incidence. This 
curve will hereafter be called the ( z v ,f) curve, where is the virtual 
height and f is the vertical-incidence frequency. The virtual height 
is obtained by measuring the time, At, taken by a pulse to travel up 
to the ionosphere and back. It is given by 


cAt 


J ’zo rj 

0 df d2 ’ 


where c 

f 

2o : 

z 


velocity of light, 
frequency of waves, 
refractive index of the ionosphere, 
actual level of reflection, and 
measured vertically upward. 
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The method of calculating maximum usable frequencies was based 
on the simple ray theory of a stratified isotropic ionosphere, whose 
refractive index, m', for waves of frequency/' was given by 




where/' is the actual wave frequency and / 0 2 = Ne 2 /Trm, A 7 being the 

ionization density expressed as a function of height. 

The calculation of maximum usable frequencies consists essentially 
in solving graphically the two equations z v =z v (J), the (z v J) curve for 
vertical incidence, and z p =z//,/', D), the transmission equation for 
oblique incidence, obtained below. Here D is the distance of trans¬ 
mission,/' the wave frequency, and / the equivalent vertical-incidence 
frequency, or frequency of the wave reflected, at vertical incidence, 
at the same level as is the wave frequency, /', over the given dis¬ 
tance, D. 

The transmission equation is found by combining the expression for 
the equivalent triangular path, obtained geometrically, with the 
expression for the equivalent vertical-incidence frequency, /, and the 
relation between 2 P and 2 /, the height of the equivalent triangular 
path. 

The intersection of the graphs of the two equations gives both the 
equivalent vertical-incidence frequency, /, and the virtual height of 
reflection corresponding to transmission of the given wave frequency, 
/', over the given distance, D. The greatest value of/' for which a 
real solution exists is the maximum usable frequency over the given 
distance. 

When the Lorentz polarization term a is included, the refractive 
index, //, is given [8] by 



The virtual height at the vertical-incidence frequency, /, is 



l-a(l-V ) 2 



M 



where 2 0 is the level of reflection, and \i is /i' with / substituted for /'. 
The equivalent vertical-incidence frequency, /, is given by 


/=/' cos efri*\ z -- — a 2 — > (4) 

j j 1 — a cos 2 </>! v ' 

where <J> X is the angle of incidence of the actual wave upon the iono¬ 
sphere. 

The height, 2 /, of the equivalent triangular path may be calculated 
as follows. Let cf> be the angle between the ray path and the vertical 
at the height 2 . Then 


282024—41 


2 
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This becomes, on substituting/for/', 



rv^ 


a 


f— (1 — a)jo 


a) COS 2 01 r 2 

■a cos 2 < />/ 0 ^ 



To obtain the transmission equation ,we get geometrically the value of 


2/ — z,' (D, <f> i). 


We then insert in eq 6 the value of </>i obtained from eq 4 in terms of/ 

an( l/ > and multiply 2 / by the ratio z v : 2 / determined by comparing 
eq 3 and 5. J F b 

This analysis has been made for a flat ionosphere, but may be 
extended to a curved ionosphere in the manner indicated in reference [7]. 

For a= 1/3, the ratio/'// is greater than for a= 0, and so the wave 
frequency,/', corresponding to a given / and 2 , is in general greater. 
If z v were equal to 2 /, therefore, the calculated maximum usable 
frequency would be much greater for a =1/3 than for a= 0, the dif¬ 
ference increasing with the angle of incidence, </>j. W^e must, however, 
examine the relation between 2 P and 2 /. Now 2 is a function of / 0 2 , 
so if we put Xeee/o 2 // 2 we may rewrite eq 3 and 5: 




1 —a 


a 


x 


(1 -\-ax) 2 dz 



x 


dx 


dx 


l+ax 


rim 


a) cos 2 <f) 1 

cos2 X ^ dx • 
- a)x dx 


(7) 

( 8 ) 


Equation 7 gives 2 0 as a function of/ 2 and eq 8 gives 2 / as a function 
of f 2 and cos <t> lf so that zjzf may be expressed as a function of f 2 
and cos 4> lm 

The ratio z 0 /z/ is, for a= 1/3, in general less than unity, that is, less 
than the value it had for a=0. This tends to decrease the calculated 
maximum usable frequencies. To what extent the decrease due to this 
effect compensates for the increase due to the greater ratio of/'//must 
be determined in individual cases. 

Let us first consider the case of a linear gradient of ionization 
density, where z=Jcf 0 2 . Here dzldx=kf 2 and the determination of 
2 » and 2 / is easy. We obtain 


3 „_ 3Z o(1_^)[_ i + ^/_L_ tan 1 

V a cos 2 0i 
l—a cos 2 fa 



■fa cos 2 <£i(l — a cos 2 <£i) 


tan 
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Figure 1 shows the ratio of z/lz 9 for a= 1/3, which is the same as the 
ratio of z v ' for a= 1/3 to z v ' for a= 0, plotted against cos <j> x . It shows 
also the ratio (/'cos 0i//) 2 for a— 1/3, which is the same as the square of 
the ratio of / for a= 0 to / for a= 1/3, plotted against cos 0j. The two 
ratios are equal at about cos 0 1 = O.8. This means that, for the 
distance corresponding to this value of cos 0 X , the wave frequency 
corresponding to reflection at a point on the linear part of a ( z v J 2 ) 
curve is the same for a=0 as for a =1/3. At shorter distances the 
wave frequency is less, and at greater distances it is greater, for a = 1/3 
than for a=0. 

If the (z v ,/ 2 ) curve curls up, as happens near a critical frequency, 
an increase in the height of the equivalent triangular path has rela¬ 
tively less effect than in the case of a linear (z p ,/ 2 ) curve. This means 
a relative increase in the wave frequencies calculated for points on a 
curve near a critical frequency. Thus it may be expected that the 
maximum usable frequencies calculated for an actual distribution of 
ionization density will be, for a=l/3, equal to or less than those cal¬ 
culated for a =0 only for very short distances. Elsewhere they will 
be greater, and may become as much as 20 percent or so greater, at 
the greater distances, than in the case where a= 0. The calculation 
must in general be made for each individual distribution of ionization 
density. 

The calculation can be made for a general distribution of ioniza¬ 
tion by assuming the (z,,/ 2 ) curve to be made up of a number, m, of 
linear intervals. In the nth such interval the ionization density, 
represented by/ 0 2 , is assumed to vary between j 2 and / n+1 2 , while the 
height varies from 0 to z n . In this interval, then 

/ 2_/ 2 

5, // 2\ - JO Jn- 1 

Z \f0 ) / 2 / 2 Z»* 

Jn Jn—\ 

Then, if x =p 2 If and P 2 =f, 

dz _ fz n 

dx jn+l—jn 

and is constant over the interval, so that eq 7 becomes 


P 


P 


I 


U-l 


JJ 


and eq 8 becomes 


v 


(1 +ax) 


p 


-pp 




1 +a ( -J- 


1+ax 

-a) cos 2 0 ! 
-a cos 2 </?t 
(1 —a)x 


dx. 


ail 


( 12 ) 


enTYvnloft th f mt , eg / als in the summation represents a part of the 
complete integral from 0 to 1 /( 1 -a) and may be readily evaluated 

{ Zf 8 L V0n a , and c , os P- Both e q 11 and 12 are linear in 2 „Indmav 

easily be evaluated. If we know only the (z c ,f) curve eq 11 mav be 

ZZiTt OUt an 1 the 1 S no ' vn va l uea of 2 , used to form\ equations 
to obtain? 110 ^ values of 2 “> whlch can then be substituted in eq 12 
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Calculations of the maximum usable frequencies for E- and E 2 -layer 
transmission were made, using this method, for a= 0 and a= 1/3, for 
typical distributions of ionization density. The ratios of the maximum 
usable frequency for a= 1/3 to that for a= 0 are plotted, for various 
values of distance D } in figure 2. The solid graph is for E 2 -layer and 
the dotted for .E-layer transmission. 

For E 2 -layer transmission, it is seen that the maximum usable 
frequencies are not much greater for a= 1/3 than for a= 0 until the 
distance of transmission exceeds about 500 kilometers. For greater 



DISTANCE IN KILOMETERS 

Figure 2. Ratios of maximum usable frequencies for a = l/3 to those for a = 0, for 

E- and F 2 -layer transmission. 

distances the maximum usable frequencies for a = 1/3 are higher than 
those for a = 0, becoming about 17 percent higher at the greater 
distances. 

For E-layer transmission the ratio of maximum usable frequenc 3 r 
for a=l/3 to that for a — 0 rises much more rapidly with distance than 
in the case of E 2 -layer transmission, and attains a somewhat greater 
value. 

III. EFFECT OF THE EARTH’S MAGNETIC FIELD 

The calculations so far have not included the effect of the earth’s 
magnetic field. Since this field may affect considerably some high- 
frequency transmissions, it is necessary to consider its effect. Accord¬ 
ingly calculations were made for the transmission path and frequency, 
for which experimental results are given below. 

The transmission path was practically perpendicular to the magnetic 
meridian, and was about 650 km long. The earth’s field was assumed 
to have an intensity of 0.5 gauss, and a dip of 70°. For a frequency of 
6.06 Mc/s, and a vertical-incidence virtual height of 130 km at the 
equivalent vertical-incidence frequency, table 1 gives the calculated 
oblique-incidence data. These were calculated on the basis of an 
average distribution of ionization density in the E region, using the 
magneto-ionic equations as published by Booker [9]. 
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Table 1. —Calculated oblique-incidence data 


Earth’s 

field 

Value of 
a 

Fo at 
level of 
of reflec¬ 
tion 

Angle of 
incidence 

Equivalent 

vertical- 

incidence 

frequency 

Vertical- 

incidence 

critical 

frequency 

Gauss 


Mels 

Degrees 

Mc/s 

Mc/s 

0 

0 

2.25 

68.2 

2.25 

2.45 

0 

1/3 

2. 34 

67.8 

1.01 

2.08 

0.5 

0 

2. 20 

68.7 

2.20 

2. 40 

.5 

1/3 

2.31 

68.1 

1.89 

2. 06 


The table gives, for a =0 and 1/3 and for 11=0 and 0.5 gauss, the 
ionization density at the level of reflection, the angle of incidence of the 
waves which traverse the given path, the equivalent vertical-incidence 
frequency, and the vertical-incidence critical frequency which cor¬ 
responds to a maximum usable frequency of 6.06 Mc/s over the given 
path, via E'-layer transmission. It may be seen that the inclusion of 
the earth’s field where a =0 makes a difference of but 2.0 percent, and 
where a= 1/3 a difference of but 1.0 percent. The inclusion of the 
polarization term, however, makes a difference of 15.1 percent where 
77= 0 and 14.2 percent where 77=0.5 gauss. 

Thus it should prove easy to decide between the Lorentz and 
Sellmeyer theories by measuring the vertical-incidence 7£-layer 
critical frequency at the times when the oblique-incidence 7^-layer 
transmission begins and fails. The experimental error should be con¬ 
siderably less than the difference between the two theories, either for 
calculations based on 77=0 or for closer calculations based on 77=0.5 
gauss. The calculations for east-west transmission may be made for 
77=0 with an error much less than the probable experimental error. 

A recent analysis has been published by Ratcliffe [10] for a para¬ 
bolic distribution of ionization density in the ionosphere. The curves 
and discussion he gave for oblique-incidence radio transmission indi¬ 
cated little difference between the results for a =0 and a =1/3, es¬ 
pecially for long-distance transmission via the F layer. Indeed, he 
stated that the difference would be greatest for a transmission distance 
of about 500 km. 


The curves of figure 2 make this statement appear in error. It 
seems likely that Ratcliffe was misled by making calculations only for 
ranges below about 700 km, as published in his paper, for it is obvious 
that the greater separation between the two cases comes for consid¬ 
erably greater distances. It is possible, moreover, that the assump- 

fconof a parabolic distribution might also tend to lessen the difference 
at the shorter distances. 

The results of the step-by-step analysis of typical E- and F -layer 
curves indicate the nature of the difference in maximum usable fre¬ 
quency according to the two theories. 


IV. EXPERIMENTAL OBSERVATIONS 

/ 1S wu 55 a dear distinction between the Lorentz theory 

Tr fc , Sellmeyer theory (o=0) in the case of radio waves 

• J* Uely u P on the lon o s phere. It should therefore be pos- 
sibie to decide experimentally between the two theories. 
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There are available considerable published data on oblique-incidence 
radio transmission [11, 12, 13, 14, 15]. Experiments involving the 
E layer, which, as shown by figure 2, should provide conclusive 
results for relatively short transmission distances, are for the most 
part unreliable, usually because of the presence of sporadic-E reflec¬ 
tions above the true E-layer critical frequency. Such an experiment 
was attempted by Farmer and Ratcliffe [11], with somewhat incon¬ 
clusive results. Experiments involving the F 2 layer have for the 
most part been conducted over distances of less than 600 kilometers. 
They are subject to the difficulty that ionosphere conditions at the 
point of reflection are much more uncertain for the F layer than for 
the E layer. Also, the difference between the two theories would 
produce a discrepancy of but a few percent, which is of the same 
order of magnitude as the uncertainty of ionosphere conditions at 
the point of reflection. Much of the published data on radio trans¬ 
mission, therefore, is of little use in deciding whether w=0 or 1/3. 

Since September 1935, the National Bureau of Standards has made 
continuous automatic field-intensity records of numerous radio sta¬ 
tions. Results are available for the whole period from 1935 to 1940 
for high-frequency international broadcasting station W8XAL (later 
WLWO), 6.06 Mc/s, at Mason, Ohio, 645 kilometers distant. Some 
results of these recordings were presented in a paper before the joint 
meeting of the International Scientific Radio Union and the Institute 
of Radio Engineers at Washington in April 1936, and other results 
have been used by investigators at the Bureau in studies of the 
ionosphere [16, 17]. 

The transmissions from W8XAL to Washington were propagated 
normally by way of the E layer during most of the daylight hours, 
and by way of the F layer at other times. The transitions from E- to 
E-layer transmission in the morning, and vice versa in the afternoon, 
were often well marked, since the vertical radiation pattern of the 
transmitting antenna was such as to provide substantially greater 
radiation for single-hop E- than for E-layer transmission. The 
transitions have been identified on a great many records by the 
following facts. (1) The regularity of occurrence of the change in 
intensity and character of fading on the records corresponds to the 
regularity of the diurnal and seasonal variations of the E-layer 
critical frequency. (2) There was a complete absence of any regular 
sudden change in local ionosphere characteristics (critical frequency, 
virtual height, or absorption), except for the E-layer critical fre¬ 
quency, at the time of the change on the record. (3) The beginning 
of propagation was observed when no other ionosphere layer but the 
E layer had sufficient ionization density to support transmission (as 
during the mornings of ionosphere-storm days). (4) The change on 
the record nearly always occurred about 15 minutes after the local 
E-layer critical frequency rose or fell through about 2.45 Mc/s. This 
time difference is the difference between the local times at Washington 
and at the midpoint of the path from W8XAB to Washington. 

Figure 3 shows four examples of the change of layer on the W8XAL 
records. The record of May 12, 1938, was made when a severe 
ionosphere storm had considerably depressed the critical frequencies 
of the Fi and E 2 layers. At the time when good transmission began, 
none of the layers except the E layer had even nearly enough ioniza¬ 
tion to support transmission. Recordsof February 21 and 22,1938, were 
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made during a period when the night and morning F-layer transmis¬ 
sions from W8XAL were greatly absorbed. The transitions here are 
seen to be quite sharply defined and symmetrical about local noon at 
the midpoint of the transmission path. The record of March 13, 1937, 
is typical of most of the normal W8XAL records on which the transi¬ 
tion can be seen. The transitions are not quite so sharp, but are 
easily identifiable, and.the times may be measured within a few min¬ 
utes. In the files of the National Bureau of Standards are 11 records 
similar to that of May 12, 1938, 13 similar to those of February 21 
and 22, 1938, and several hundred showing the transition like that of 
March 13, 1937. 

For the average regular distribution of ionization in the E layer, 
a maximum usable frequency of 6.06 Mc/s over a distance of 645 km 
corresponds to a vertical incidence/# 0 of about 2.40 Mc/s for a=0, 
and 2.10 Mc/s for a= 1/3. The midpoint of the great-circle path 
between W8XAL and Washington is almost due west of Washington 
and the distance is short enough so that they# 0 may be considered a 
function of local time only. Therefore the W8XAL transmissions are 
well adapted for deciding the value of a. 

Since the E layer at the time of these observations is known to be 
chiefly electronic in character, it would seem that the presence of 
heavy ions cannot be invoked to explain a value of a different from 
1/3 or 0. Also, it should be noted that it takes about 32 minutes for 
tlie/#° to rise in the morning, or fall in the evening, between 2.06 and 
2.40 Mc/s. Also, the E x reflections were so absorbed at these times, 
on the records analyzed, that there can be no question of confusing 
E°- with £' z -layer transmission. 

Table 2 shows the result of comparison of 13 records, in each of 
which at least one transition was as well-defined as in the record of 
February 21 or 22 of figure 3. The values of a corresponding to the 
observed ratio of maximum usable frequency to vertical-incidence 
critical frequency are tabulated. In calculating these values of a, 
an average distribution of 25-layer ionization was used instead of the 
actual distribution for each day, which varied somewhat from day to 
day. This may account for some of the variations in a. 

The average value of a deduced from the 19 transitions listed in 
table 2 is —0.02, or —1/50, as against the theoretical value of 1/3. 
This value of a is not believed to be significantly different from zero. 

A number of ionosphere storm days were studied, when no layer 
other than the E layer was sufficiently ionized, in the morning, to 
produce transmission. The transitions on many of these days were 
obscured by sporadic-25 reflections. The mean value of a calculated 
on 7 days when the transition could be easily identified was 0.005, 

again not significantly different from zero. 

Because of the great number of the records showing well-marked 
transitions which were not quite so clear as those just mentioned, the 
transitions on these records were studied statistically, rather than 
individually. The monthly averages of the morning and evening 
transition times were obtained, and the monthly average/# 0 at this 
time was determined from the vertical-incidence ionosphere data. 
Table 3 shows the average values of/#° at the midpoint of the trans¬ 
mission path, at the times when 25-layer transmission began and 
failed, and the corresponding values of a. The mean value of a, 
deduced from 435 transitions studied in this group, was 0.06, 
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again not significantly different from zero. The negative value of a 
probably means that the height of the E layer was slightly greater 
than that assumed as an average. 


Table 2. \ alues of “a” calculated from value of local fn at time of change of layer for 

W8XAL, 6.06 Mc/s, 650 km distant 


Dato 

(Ffthniftir 

Local f b in Mc/s 

Calculated valuo of a 

V vl UUi J 

1938) 

A. M. 

P. M. 

A. M. 

P. M. 

6 


2.47 


_n na 

14 

2.33 

2.43 

+0.10 

UO 

—.03 

15 

2.48 


—. 10 


17 


2.46 


1 

• 

o 

^4 

18 

2.35 


+.08 

21 

2.44 

2.45 

—.05 

—. 06 

22 

2. 46 

2.48 

—.07 

— 10 

23 

2. 48 


—. 10 


24 

2. 48 


—. 10 


25 

2.64 

2.37 

-. 19 

-k 07 

26 

2. 39 

2.29 

+.02 

-k 15 

27 

28 

2.36 

2. 44 

2.35 

+. 06 
— .05 

+.08 







Table 3.— Mean values of “a” calculated from values of local /> 

layer for W8XAL , 6.06 Mels, 650 km distant 


at time of change of 


Month 


1936 

May. 

Juno. 

July. 

September... 

October. 

November.__ 
December_ 


1937 


February 

March... 

April_ 

May. 

June.. 

July_ 


Morning transition 


Time 


0703 

0738 

0810 

0831 


0805 

0726 

0637 

0604 


Mean a 


Is 


2. 44 
2. 52 
2. 40 
2. 48 


2. 45 
2. 47 
2. 40 
2.42 


-.06 

-.08 

+.01 

-.02 


-0. 06 


-0. 05 
-. 16 
+.01 
-. 10 


Evening transition 


Time 

fs° 

a 

1823 

2. 50 

-0.13 

1838 

2.45 

—.06 

1830 

2. 42 

—.02 

1737 

2. 40 

+.01 

1651 

2. 42 

—.02 

1610 

2. 47 

—.08 

1559 

2. 53 

-. 17 

1709 

2. 42 

-.02 

1739 

2. 40 

+.01 

1759 

2.60 

—. 13 

1818 

2.48 

—. 10 

1849 

2. 40 

+.01 

1852 

2. 44 

-.05 



-0. 06 




V. CONCLUSIONS 
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RAPID METHOD FOR DETERMINING ASCORBIC ACID 

CONCENTRATION 

By Myron A. Elliott, 1 Alfred L. Sklar, 1 and S. F. Acree 


ABSTRACT 

In the course of investigations on the effect of citrus fruits upon the human 
organism it was found necessary to develop a method of determining the vitamin 
C content of the blood of a large number of individuals in a short time. In this 
method the plasma is not deproteinized but is diluted with 5-percent acetic acid 
and used directly m a specially constructed photoelectric comparator with the dye 

henoimdophenol 2 The ascorbic acid content of the plasma sample is 
read directly from empirical calibration curves determined by adding known 

asc ° rbic to blood plasma. The comparator is operated so as to 
compensate automatically for the usual variation in the turbidity and color of 
plasma samples. While the method is quite rapid, once it is in operation some 

thTrt£ U8t ?G S + I?ent 111 p r e I )arin S calibration curves. The maximum total error in 
the determination on plasma samples containing from 0 to 3.5 mg of reduced 

ascorbic acid per 100 ml of plasma was estimated to be ±0.1 mg/100 ml. 
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I. INTRODUCTION 

In the course of investigations upon the effect of citrus fruits on the 
human organism it often becomes necessary to determine the ascorbic 

short C °ti 1 me nt OnW hi° ° d ° f 5 la f ge nu 7 ber of subjects in a relatively 
snort time. Only by investigating a large group of test cases and 

another large group of controls can the effect of random statistical 
is U Sted I bv tt th mdlvld P al idiosyncrasies be made small. The time 
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dichloroplicnolindophenol was approximately equal to the reported 
vitamin C content of the food. The identity of vitamin C with 
ascorbic acid was established by Waugh and King [4]. Tillmans and 
his associates [5], Harris and his associates [6] and Bessey and King 
[7] showed a close correlation to exist between the reducing power of 
plant and animal tissues on 2,6-dichlorophenolindophenol and the 
biological assay of the vitamin C content of these tissues. King [8] 
has given additional evidence to support the view that a properly 
conducted titration of natural products with the dye 2,6-dichloro¬ 
phenolindophenol gives a reasonably specific test for vitamin C. This 
dye has been used regularly to titrate ascorbic acid in blood plasma 
[°, 10 ], 

A simplification of existing methods for determining ascorbic acid 
in blood plasma by working directly upon the plasma without pre¬ 
viously subjecting it to a deproteinization [9, 10] is introduced in the 
present paper. The time-consuming procedure of deproteinizing the 
plasma is open to the objection that some of the ascorbic acid is 
occluded by the precipitated proteins and is furthermore subject to 
atmospheric oxidation during the manipulations [11]. The primary 
purpose of the deproteinization is to obtain a clear solution for titrat¬ 
ing or for absorption measurements in the photoelectric comparator. 
However, it has been shown [12] that turbid and colored solutions 
can be used, in general, with a photoelectric comparator for determi¬ 
nations of ascorbic acid with 2,6-dichlorophenolindophenol. It is 
shown in the present paper that when proper calibration curves have 
been made it is possible to determine directly the ascorbic acid con¬ 
tent of blood plasma. Such analyses of the plasma are complicated, 
however, in about 5 percent of the samples by exceptional turbidity, 
which renders the determination less accurate. These samples may 
be analyzed by preparing special calibration curves, as discussed later, 
or by one of the longer chemical precipitation and extraction methods 
[9] if an accurate determination is necessary. Since the approximate 
determinations showed the ascorbic acid content to be uncorrelated 
with exceptional turbidity, these cases can merely be omitted in a 
study involving large numbers of analyses. It was observed that the 
number of plasma samples having excess turbidity was greater dur¬ 
ing the winter months, at which time the experiment was started, than 
later during the summer. From 5 to 10 percent of the samples were 
excessively turbid during February and March but less than 1 per¬ 
cent in May and June. 

The amount of turbidity in blood samples is lowered if they are 
taken as long a time as possible after meals and the diet of the sub¬ 
jects is not too high in fats. No difficulties with hemolysis were experi¬ 
enced when the proper technique was used for obtaining the blood 
samples. If the samples are taken with a syringe, it is advisable to 
remove the needle from the syringe before the sample is transferred 
to a centrifuge tube in order to avoid rupturing the red blood cells 
by forcing them too rapidly through the needle. If the blood sample 
is stirred or shaken, these operations should be very gentle. The tube 
in which the sample is collected should be dry, except for 2 drops of 
a 20-percent solution of potassium oxalate. 
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II. APPARATUS 

The photoelectric comparator was constructed in this laboratory 
along lines generally in use and is similar to one described by Evelyn 
[13]. It differs only in the light source, filters used, and control of 
the galvanometer deflection. The light source (A, fig. 1) was a 
120-volt, 60-watt, clear, daylight, straight-filament, Mazda lamp 
(A-19, CC- b). The power was supplied through a constant-voltage 
regulator 6 (R) which kept the fluctuations of intensity of the light 
source to less than 1 percent when used on the regular a-c supply 
line. The image of the filament was focused through a condenser 
lens ( B ), through the filter (E), and the absorption cell ( C ) on the 
photoelectric cell ( D ). The absorption cells were carefully selected 



Figure 1. —Schematic diagram oj photoelectric comparator used for ascorbic acid 

analyses. 

calipered test tubes of 1-inch outside diameter by 6 inches long. When 
filled with a standard colored solution and rotated to a calibrated 
position marked on each test tube, the transmissions differed by less 
than 1 percent. This calibration took care of minor variations in 
wall thickness and roundness of the tubes. The photoelectric element 
was a Weston barrier-layer photronic cell, model 594, type 1. The 
galvanometer ( G) was a Rubicon “spotlight” galvanometer having a 
coil resistance of 1,100 ohms, sensitivity of 0.005/ta/mm, and critical 
damping resistance of 10,000 ohms. In figure 1, (E) is a 100-ohm 
slide-wire resistance by means of which the sensitivity of the gal¬ 
vanometer can be controlled without appreciably affecting the exter¬ 
nal resistance in series with the photronic cell. This method of con¬ 
trolling the deflection of the galvanometer has an advantage over the 
method which regulates the temperature of the filament of the light 
source [13] because, unlike the latter, it does not change the spectral 
distribution of the energy transmitted by the filters. In figure 1, ( H ) 
is a resistance used to effect critical damping of the galvanometer. 

The light from the source passed through a yellow Wratten filter 
(No. 12) and then through a medium-blue glass filter before entering 
the absorption cell. The filter system, consisting of the two filters 
and the blue bulb, passed a spectral band with a transmission peak at 


• Raytheon, 120-watt voltage regulator. 
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540 m/x and a width of 85 m/x at half peak. The band cut off sharply 
on the short-wave side, but tailed off on the long-wave side. The dye 
2,6-dichlorophenolindophenol has in the acidified solution used in this 
work, a maximum absorption at 520 m/x and a half-peak width of 
140 m/i, so that the light passed by the filters falls well within the region 
that the dye absorbs sensitively. The fraction of incident energy 
absorbed by a 1-in. layer of the blood plasma itself, in the dilution 
used, is about 10 percent at 600 m/x and increases to 25 percent at 
515 m/i and 50 percent at 470 m/i. The filters were, accordingly, 
chosen to pass a spectral band toward the long-wave side of the region 
absorbed strongly by the unreduced dye (at pH 3) in order to have a 
minimum of absorption by the plasma solution alone. 

kilter systems transmitting more nearly homogeneous energy than 
that just described may be used with this comparator if some changes 
are made in the instrument. In some later work, the clear daylight 
lamp used as the light source was replaced by a colorless clear-bulb 
lamp of the same wattage and type, and a flat mirror was placed close 
behind the lamp so as to reflect a second image of the filament through 
the condensing lens. The 100-ohm slide-wire resistor (E, fig. 1) and 
the 100-ohm resistor, both in series with the photronic cell, were 
replaced by a 1,000-ohm slide-wire resistor with a vernier adjustment. 
The filter system consisted of the Corning glass filters No. 429 (me¬ 
dium-shade, blue-green) and No. 352 (H. R. Noviol) before the absorp¬ 
tion cell and Wratten gelatin filter No. 62 (mercury green) between 
the absorption cell and the photronic cell. This filter combination 
gives a transmission peak at 530 m/x and a width of 28 m/x at half 
peak. An all-glass filter combination suggested by Corning Glass 
Works and consisting of their filters Nos. 352, 430, and 502 may also 
be used. This combination has a transmission peak at 518 m/x and a 
half-peak width of about 32 m/x. The substitution of the 1,000-ohm 
resistance for the 200-ohm resistance in series with the photronic cell 
will mean some sacrifice in the linearity of the response curve of the 
cell, even at the low radiant-flux densities used here. This situation 
can be improved, if necessary, by using a more sensitive galvanometer 
and leaving the resistance in series with the photronic cell at 200 ohms. 
One of the Rubicon high-sensitivity “spotlight” galvanometers could 
be used for this purpose. Their “spotlight” galvanometer, having a 
critical damping resistance of 40,000 ohms and a sensitivity of 0.0006 
/xa/mm, happened to be available and was found to be satisfactory. 
However, with the circuit shown in figure 1 their “spotlight” galva¬ 
nometer having a critical damping resistance of 10,000 ohms and 
sensitivity of 0.0015 /xa/mm would be better, both in sensitivity and 
period. The sensitivity of the photocell was improved by the use 
of one of the latest type barrier-layer photoelectric cells in the 
comparator. 

The stock solution of 2,6-dichlorophenolindophenol was prepared by 
dissolving 100 mg of the dye crystals in warm distilled water, filtering, 
and diluting to 200 ml. The dye solution was kept in a refrigerator 
when not in use, and a fresh solution was prepared every few days. 
This was necessitated by the fact that after standing for 1 or 2 weeks 
(especially if warm) the dye is not quite completely bleached from 
reduction by ascorbic acid. 
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III. PROCEDURE 


In determining the concentration of ascorbic acid, 10-nil samples of 
blood were collected in centrifuge tubes containing 2 drops of a 20- 
percent solution of potassium oxalate. After very gentle stirring, 
the blood was centrifuged for 10 minutes. Three (or, if necessary, 
two) milliliters of plasma was then transferred to a colorimeter cell 
and 15 (or 16) ml of 5-percent acetic acid was added, making a total 
volume of 18 ml. This gave a solution of pH 3.1. After stirring the 
solution, the cell was placed in the colorimeter and the slide wire ( E ), 
which was capable of being set to 1 part in 1,000, was carefully ad¬ 
justed to give a deflection of 100 on the galvanometer. This pro¬ 
cedure compensates for differences in the transmission of the original 
plasma samples, so that the} 7 may all be referred to the same calibra¬ 
tion curve. The solution was then quickly poured into a test tube 
containing 1 ml of standard dye solution and at once poured back 
into the absorption cell. These mixing operations were performed in 
about 3 seconds. The galvanometer deflection can be read at any 
desired time intervals after 10 seconds from mixing, 20 seconds being 
adopted as the standard time necessary to allow the reaction to take 
place between the dye and the ascorbic acid in the plasma solution. 

The chemical reaction is represented by the following equation: 
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acid. 

The determinations were made on groups of 20 samples. All the 
reagents were added in a uniform manner from transfer pipettes with 
enlarged tips and equipped with rubber bulbs. The necessary chemi¬ 
cals were added to a battery of 20 absorption cells while the first 
batch of blood samples was being centrifuged. A second batch of 
samples was centrifuged by the time the preceding batch was analyzed 
and the absorption tubes were again prepared. The operation was 
thus continuous and minimized the length of time during which the 
blood samples were kept. The analysis of a batch of 20 samples was 
completed within 40 minutes after they were taken from the ice box. 
The plasma samples originally were placed in the ice box within 10 
minutes after they were collected, and the period of standing in the 
ice box was never more than 3 hours. The plasma was always re¬ 
moved from the centrifuge tube and acidified within 10 minutes after 
its separation from the whole blood. The stock dye solution was 
diluted to one-fourth (dye 4) its original strength when used for deter¬ 
minations on plasma with concentrations of ascorbic acid from 1 to 
2 mg/100 ml, and to one-eighth (dye 8) of its original strength for 
plasma containing less than 1 mg/100 ml. The amount of ascorbic 
acid in the sample was read directly from the calibration curves in 
mg/100 ml of plasma. 
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IV. CALIBRATION CURVES 

1. BLOOD ANALYSES 

Figure 2 contains calibration curves prepared by various methods 
based on the use of 1 ml of dye 4 and 3-ml samples of the unknown 
solution. The data for curve 1 were obtained by adding successive 
increments of ascorbic acid to a 5-percent acetic acid solution con¬ 
taining no plasma and taking the galvanometer reading 20 seconds 
after mixing the solution with the dye. Curve 2 gives the results 
obtained by adding successive increments of ascorbic acid to the 



Figure 2. —Calibration curves for 'photoelectric comparator , dye dilution 4- 

1. Solvent, 20-second reaction period. 2. Plasma, 30-second reaction period. 3. Plasma, 20-second re¬ 
action period. 4. Plasma, 15- to 30-second extrapolation. 5. Plasma, 10- to 20-second extrapolation. 

solutions of acetic acid containing 3 ml of plasma free of ascorbic acid 
(see below) and allowing a 30-second interval between mixing with the 
dye and reading the galvanometer. Curve 3 is the same as 2, except 
that a 20-second interval was used instead of 30 seconds. Curve 4 
differs from curve 2 in that the galvanometer readings were taken at 
15 and 30 seconds and these values extrapolated linearly to zero time. 
Curve 5 was obtained similarly, except that 10- and 20-second readings 
were used for the extrapolation instead of the 15- and 30-second ones. 
The point designated by a star on the 100 ordinate represents the 
concentration of ascorbic acid which is stoichiometrically equivalent 
to 1 ml of the dye used. If the increments of ascorbic acid were 
totally oxidized within the time allowed for taking the readings, and 
if the plasma had no effect on the dye or on the ascorbic acid, then the 
calibration curves should all pass through the starred point. The 
fact that they do not shows that factors such as those just mentioned 
do complicate the reaction and points to the advantage of using an 
empirical calibration curve. For working with blood samples con¬ 
taining from 2 to 3.5 mg of ascorbic acid per 100 ml, a curve similar 
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to curve 3 but containing 2-ml plasma samples was prepared. For 
working with blood samples containing less than 1 mg of ascorbic acid 
per 100 ml, greater precision is obtained by using a more dilute dye 
solution. Figure 3 contains the calibration curve for 3-ml plasma 
samples, using the 20-second reaction period and dye dilution 8. 

The preparation of a satisfactory blank plasma, for use in obtaining 
the calibration curves, presented some difficulties. The blank should 
contain no ascorbic acid but should have as nearly as possible the 
normal amount of the slowly reacting interfering substances. The 



CONCENTRATION OF ASCORBIC ACID (MG/IOO ML) 

Figure 3. —Calibration curve for blood plasma , dye dilution 8. 

blank plasma was prepared by two separate methods. The standard 
method was to titrate the fresh plasma, acidified with acetic acid, 
with dye as long as the photoelectric colorimeter showed the added 
dye to fade completely in 20 seconds. An alternative method was to 
iet the plasma stand in the ice box for about 6 days and depend on 
the atmosphere to oxidize the ascorbic acid. These two independent 
methods for preparing plasma free of ascorbic acid gave samples so 
nearly the same that calibration curves prepared from them checked 
to within 0.1 mg of ascorbic acid per 100 ml of plasma. 

Figure 2 shows that the calibration curves prepared from data 
which had been extrapolated to zero time (curves 4 and 5) deviated 
considerably from linearity in the region of higher concentration, 
while curves prepared from data obtained by using a straight 20- 
or 30-second reading (2 and 3) were nearly linear and came much 
closer to passing through the starred point. Important also is the 

282024—41-3 
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fact that the curves from the 10- to 20- and 15- to 30-second extra¬ 
polations have smaller slopes and hence give less sensitivity at high 
concentrations. The fact that the curves extrapolated to zero time 
are appreciably below those in which a definite reaction period was 
allowed shows that the' reaction of ascorbic acid with the dye in 
blood plasma is not instantaneous. Figure 4 gives curves of gal¬ 
vanometer deflection versus time, for various solutions when 1 ml 
of dye 4 is added to them. These curves (and a duplicate check set 
not given here) furnish the data from which some of the points on 
the curves in figure 2 were obtained. The curves in figure 4 labeled 
0, 1, and 2 were for 3-ml samples of blood plasma, diluted with 
5-percent acetic acid in the regular manner, in which the original 



Figure 4. —Rate of reaction of ascorbic acid with dye , dilution 4. 

Curves 0, 1, and 2 are for ascorbic acid concentrations of 0, 1, and 2 mg/100 ml, respectively, in acetic acid, 
blood plasma solution; curves 0' f 1', and 2' arc the same as 0,1, and 2, respectively, except no blood plasma 
was present. 


ascorbic acid concentration was, respectively, 0, 1, and 2 mg/100 ml. 
The curves labeled O', 1', and 2' are given for comparison and were 
the same as 0, 1, and 2, except that they were made with the 5-percent 
acetic acid solution without the blood plasma present. It can be 
seen that at least 15 seconds is required for the reaction in the plasma 
solutions when the ascorbic acid concentration is of the order of 1 
mg/100 ml, and at least 20 seconds is necessary when the concentra¬ 
tion is 2 mg/100 ml. A comparison of the curves made with plasma 
solutions with those made with 5-percent acetic acid only show that 
the plasma reduces the rate of the reaction. As the ascorbic acid 
concentration approaches the stoichiometric equivalent of the dye, 
the reaction time lengthens appreciably. However, since the blood 
plasma also contains slowly reacting interfering substances [14], the 
reaction time must be kept to a minimum. A compromise must, 
accordingly, be reached to allow sufficient time for the ascorbic acid 
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to react but to minimize the reaction of the interfering substances. 
Calibration curves prepared on the basis of a 20-second reaction time 
were used in this work, since a linear curve was obtained for the 
type of plot used in figure 2 and 20 seconds appears to be the minimum 
time necessary for the oxidation of ascorbic acid in blood plasma. 
An extrapolation to zero time from readings taken on a 30- to 60- 
second basis gave essentially the same results as the 20-second read¬ 
ings. This extrapolation has an advantage in that it takes into 
account a second-order error due to slight differences in the amount 
of interfering substances between various blood plasma samples. 
Its chief disadvantage in this work is that it takes an appreciably 
longer time to analyze each sample. This time factor is important 



Figure 5. —Calibration curve for urine , stock dye solution. 

when it is necessary to analyze large numbers of samples before 
oxidation by the air has a chance to affect appreciably their ascorbic 
acid content. With the method described here, two operators can 
analyze 40 blood samples in an hour. 


2. URINE ANALYSES 

The photoelectric colorimeter may also be used to determine the 
ascorbic acid in urine [12, 15], which contains many more interfering 
substances than does blood plasma. These substances are partially 
removed by precipitation with barium acetate [16, 171. In the nro- 
cedure for urine, % ml of glacial acetic acid and 2 g of dry barium 
acetate are added to 10 ml of the fresh sample. After shaking, the 

comninpfn C?I11trlf ^ ed , a ? d 1 to 3 ml (depending on the ascorbic acid 
contained) is analyzed in the colorimeter in the same manner as the 

u!ed d fn?tef?' however, mstead of the 20-second reaction time 

order to minimize the effect of the slowly reacting interfering sub¬ 
stances which remain even after the precipitation with barium 
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acetate. In these experiments a 10- to 20-second extrapolation was 
found most satisfactory. Dye dilution 4 is used for urine samples 
containing less than 2 mg of ascorbic acid per 100 ml of urine, and the 
undiluted dye is used for samples containing 2 mg or more per 100 ml. 
Here again empirical calibration curves were found to be preferable 
to the stoichiometric method. These curves were prepared by 
adding known increments of ascorbic acid to urine that contained no 
reduced ascorbic acid. Figure 5 contains the calibration curve 
prepared by using the undiluted dye and 3-ml samples of urine. The 
urine analyses may be made in batches of 20 and with about the 
same speed as the analyses of ascorbic acid in blood. 

V. SOURCES OF ERROR 

As mentioned previously, those plasma samples which showed 
excessive turbidity were discarded. They could, however, be ana¬ 
lyzed if separate calibration curves were made. A small amount of 
turbidity causes no difficulty, since the transmission is always adjusted 
to the 100 mark before the addition of dye. Excessive turbidity, 
however, occasionally appears in some plasma samples. If a 1-inch 
layer of a 5-to-l dilution of plasma transmits less than 65 percent as 
much light as a 1-inch layer of water, it is here considered to be 
excessively turbid. Calibration curves prepared on excessively 
turbid solutions are shifted upward into the region of higher transmis¬ 
sion with respect to those formed on clear or slightly turbid samples, 
the shift being largest for low concentrations of ascorbic acid. The 
effect is probably not directly due to the excessive turbidity but 
rather to the absorption of dye by the colloidal particles causing the 
turbidity. An absorption phenomenon accounts for the experimental 
facts, which are in the opposite direction to what would be expected 
solely from the optical effect of a large amount of turbidity. When 
working with a turbid sample care must be taken to see that it stands 
long enough (5 to 15 minutes) after it is diluted with acetic acid for 
the turbidity to become constant with respect to time. 

The effects described above might, of course, produce small errors 
even in slightly turbid plasmas. A good test for such errors, arising 
from variation in the natural color and in the turbidity, is obtained 
by comparing the final galvanometer readings for a series of plasmas, 
free of reduced ascorbic acid, to each of which 1 ml of dye 8 has been 
added. The results on plasmas of 11 individuals taken at random are 
given in table 1. The first column gives the original percentage 
transmission, compared with distilled water, of a 5-to-l dilution of 
plasma with 5-percent acetic acid. 


Table 1.— Effect of turbidity on calibration curves 
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The galvanometer is then adjusted to 100 and 1 ml of of dye 8 added, 
the resulting galvanometer reading being recorded in the second 
column of the table. The latter galvanometer readings, except for 
the errors discussed above, should all be identical. The average 
deviation of 0.3 from the mean (81.9) corresponds (see fig. 3) to an 

uncertainty of approximately 0.03 mg/100 ml of ascorbic acid in the 
undiluted plasma. 

Atmospheric oxidation of the ascorbic acid will introduce systematic 
errors if not controlled. However, in these experiments the samples 
were never kept more than 3 hours in the refrigerator nor, upon 
dilution and immediate acidification, for as much as 40 minutes at 
room temperatures. It is known [1, 9] that no appreciable oxidation 
by air takes place in 3 hours in the refrigerator. Furthermore, no 
difference in the ascorbic acid content could be detected in diluted 
and acidified plasma samples because of standing for 40 minutes at 
room temperatures. The only other possibility for oxidation by air 
is in the centrifuge and while the plasma samples are being acidified, 
especially since ascorbic acid is known to be less stable in plasma than 
in whole blood. Although appreciable oxidation of the ascorbic acid 
in blood plasma is known to take place when the plasma stands for 
more than 4 hours at room temperature [1, 18], the amount of oxida¬ 
tion in the 15 minutes taken to centrifuge and acidify a batch of 20 
samples will be small, especially since it takes a part of the 15 minutes 
for the samples to warm up to room temperature. Roe [19] has 
discussed various sources of error in his and other methods. 

Errors due to a slow fading of the dye in 5-percent acetic acid 
solution, to nonlinearity of the photoelectric-cell response, and pos¬ 
sible incompleteness of the reaction of ascorbic acid with dye in 20 
seconds are practically eliminated by the use of empirical calibration 
curves instead of stoichiometric equivalents. Air bubbles introduced 
by mixing the solutions cause no difficulty in the transmission meas¬ 
urements if the readings are taken 10 seconds or more after mixing. 

The maximum total error in these determinations of ascorbic acid in 
plasma containing 0 to 3.5 mg/100 ml is estimated as ±0.1 mg/100 ml. 
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BOILING POINTS OF BENZENE, 2,2,3-TRIMETHYLBUTANE, 
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By Edgar Reynolds Smith 


abstract 

By the comparative method of SwiQtoslawski, with water for the reference 
standard, data were obtained from which were developed the following equations 
to express the relationship between temperature and vapor pressure in the ranee 
of pressures from 100 to 1,500 mm Hg. b 

For benzene, 

log 10P = 6.905216— 

For 2,2,3-trimethylbutane, 


For 3-ethylpentane, 


10 ^ = 6 . 799682 -^^. 


log 10 p = 6.873058- 


1249.825 
219.595 + f 


fit ^Up ’trHL ra ^^ hy l Pentane ' n ° convenien t single equation was found to 

fit the data with satisfactory accuracy over the entire range of pressures Bv 

thetoSSwkig equations : tW ° raD6e8 ’ satisfactor y reproduction was obtained with 
(a) From 100 to 450 mm, 


108^ = 6.643408-5^^. 

(b) From 430 to 1,500 mm, 

low=M60684- 5 g*g. | . 

exeJteTbyThesXtfnee a^ thtteLperature Mn ° f mercur y'> 


d J^V^ e ^ od ’ a PP. aratus > and procedure used in this work have been 
described in a previous paper [5]. 1 

From observations at various pressures of t„ the boiling point of 
the substance under consideration, and t w , the corresponding boiling 
point of water, the constants of equations of the type & ^ 


t 


were determined by the method of least squares For 2 244 

1 FigUres in brackets indicate the literature references at the end of this paper. 
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reproduce the data with adequate accuracy. Using the equations 
thus obtained, values of t 8 corresponding to a series of reference 
values of t w in the measured range were computed. The reference 
values of t w and the corresponding reference pressures adopted for 
comparative ebulliometric measurements over the range of 100- to 
2,000-mm pressure have been previously tabulated [5] and were taken 
from the compilation by Osborne, Stimson, and Ginnings [3]. 

The computed values of t s at these reference pressures were used 
to obtain a relationship of the form 


log p=A— 




which is explicit in either temperature or pressure. The symbol 
4 ‘log” is used to denote the logarithm to the base 10. Also 


t t — 6 (log 76 0— logy) /o\ 

71 1 (A —log 760) (A —log^y () 

in which t n is the normal boiling point and t is the boiling point at the 
pressure p. Equation 3 is useful for calculating the normal boiling 
point from a boiling point measured at any pressure within the range 
for which eq 2 is applicable. 

The benzene used for the measurements was the fifth fraction from 
a fractional distillation described in a former paper [6]. The 2,2,3- 
trimethylbutane, 3-ethylpentane, and 2,2,4,4-tetramethylpentane 
were supplied by D. B. Brooks, of the Automotive Power Plants Sec¬ 
tion of this Bureau. Their preparation and properties have been 
described in other papers [1, 2]. 

Temperatures were measured to 0.001° C., and the equations ex¬ 
pressing the data are given so that calculations may be made with 
them to that precision. The accuracy of the results, however, de¬ 
pends on the purity of the measured substances as well as on the 
method of measurement, calibrations of instruments, and experimental 
technique. From the methods of preparation and the observations as 
to the behavior of the substances with respect to distillation and freez¬ 
ing, which are given in the references cited, it is evident that all the 
substances were of a high degree of purity. However, no quantitative 
estimates of their purities are possible and no exact measure of the 
accuracy of the results can be made. It is believed that the results 
are accurate to better than 0.01°. 

Benzene .—The measured corresponding boiling points of benzene 
and water are given in table 1. The expression for the boiling point 
of benzene as a function of the corresponding boiling point of water is 

t=— 26.8739 + 0.979949^+0.00089772£„ 2 . (4) 

The average deviation of the 16 measurements from eq 4 is 0.004° 
and the greatest deviation is 0.009°. The normal boiling point cal¬ 
culated from eq 4 is 80.098°. The difference between this and the 
value of 80.094° reported in an earlier paper [6] on measurements over 
the more limited range of 660 to 860 mm is just equal to the average 
deviation of the experimental values from those calculated by eq 4. 
This agreement is adequate. The temperatures calculated from eq 4 
for the standard reference pressures are given in the second column 
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of table 5. The equation found to represent the pressure-temperature 
relationship is 


log p=6.905216 220.8^70+ t <»> 

and reproduces the data given in the first and second columns of table 
5, with an average deviation of 0.04 mm and a greatest deviation of 
0.28 mm at the highest pressure. Values of the vapor pressure of 
benzene caculated by eq 5 for 30, 40, 50, 60, 70 and 80° C. yield an 
average deviation of 0.15 mm from the values tabulated by Scatchard 
Wood, and Mochel [4] from their measurements on benzene over this 
range of temperatures. The equation 


*n=* + 300.968 


(2.880814 —log p ) 
(6.905216 — log p) 


may be used to calculate the normal boiling point of a sample of 

benzene from the boiling point measured at any pressure in the ransre 
of 100 to 1,500 mm. & 


Table 1 . Corresponding boiling points of benzene and water 


Boiling point 

Boiling point 

Benzene 

Water 

Benzene 

Water 

°C 

°C 

°C 

°c 

33. 248 

58. 243 

70. 604 

91. 768 

37. 707 

62. 344 

75. 484 

96. 010 

42.977 

67.158 

79. 774 

99. 723 

48. 440 

72.087 

85. 483 

104. 630 

53. 015 

76.201 

90.224 

~W 108.678 

57. 677 

80.366 

95. 339 

113. 015 

60. 877 

83. 200 

100. 493 

117. 358 

65. 276 

87.084 

105. 052 

P 121.168 


Trimethylbvlane (triptane ).—The measured corresponding 
° 2 > 2 ,3-trimethylbutane and water are given in table 2 

The expression found for the boiling point in terms of the corresponding 
boiling point of water is * B 

^=~ 30 - 1 869 + 1.004715^ + 0.00105873^ 2 . (6) 

The average delation of the 17 measurements from eq 6 is 0 003° and 

ets 80^2°°“ ThT° + n ° rm ? 1 boiling’pomt " 

co?umn W of h table refe !' ence , pressures are given in the third 

temPa^e data is eqUatl ° n f ° Und t0 represent these P re — 


log p = 6.799682-— 34 - 997 . 

226.615 + 2 


(7) 


ret|. a ra e 8 mS° *.r t h o c f sr&Sntz 


in 


(2.880814—log p) 
(6.799682—log p) 


may be used. 
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Table 2—Corresponding boiling points of 2,2,8-trimethylbutane and water 


Boiling point 

Boiling point 

2,2,3-Tri- 

methylbutane 

W ater 

2,2,3-Tri- 

methylbutane 

Water 

°C 

°C 

°C 

°C 

25. 774 

52. 772 

71. 727 

92. 433 

31. 597 

57. 954 

76.835 

96. 674 

36. 385 

62. 186 

81.214 

100. 283 

41. 785 

66. 923 

87. 030 

105. 042 

47. 424 

71.806 

92.126 

109.178 

52.186 

75. 910 

97. 335 

113. 379 

57. 301 

80. 284 

102. 430 

117.455 

61.862 

84.153 

107. 262 

121.298 

66. 357 

87. 941 




3-Ethylpentane. —The comparative boiling-point data for 3-ethyl- 
pentane and water are given in table 3. The equation found for the 
boiling point of 3-ethylpentane in terms of the corresponding boiling 
point of water is 

t= —18.2932+1.019200 ^+0.00098408 tj. (8) 

The average deviation of the 17 measurements from eq 8 is 0.002° 
and the greatest deviation is 0.005°. The normal boiling point calcu¬ 
lated from eq 8 is 93.468°. The temperatures corresponding to the 
standard reference pressures are given in the fourth column of table 5. 
The equation representing the pressure-temperature relationship is 

1 a o^onco 1249.825 /q\ 

log p—6.873058 — 219 595 + i , ( ) 


which reproduces the data for 3-ethylpentane given in table 5 with an 
average deviation of 0.03 mm and a greatest deviation of 0.09 mm 
at the highest pressure. The normal boiling point of a sample of 
3-ethylpentane may be obtained from a boiling point measured at 
any pressure between 100 and 1,500 mm by the equation 


* n =£+313.063 


(2.880814—log p) 
(6.873058-log p) 


Table 3. —Corresponding boiling points of 3-ethylpentane and water 


Boiling point 

Boiling point 

3-Ethylpen- 

tane 

Water 

3-Ethylpen- 

tano 

Water 

°C 

°C 

°c 

°C 

37.486 

52.103 

86. 992 

94.652 

43. 732 

57. 652 

91. 730 

98.571 

49. 337 

62. 576 

94.846 

101.134 

54. 572 

67.141 

100. 618 

105.851 

60. 567 

72. 324 

104. 967 

109. 384 

65. 592 

76. 635 

110.175 

113. 589 

70. 493 

80.806 

114.899 

117.379 

75. 785 

85. 282 

120.047 

121.486 

81.541 

90.113 
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8,®AA-Tetramethylpentane .—The measured corresponding boiling 
points of this substance and water are given in table 4. 


Table 4. —Corresponding boiling points of 2 i 2 i / hi 4-tctramethylpentane and water 


Boiling point 

Boiling point 

2,2,4,4-Tetra- 

methyl- 


2,2,4,4-Tetra- 


Water 

mothyl- 

W ater 

pentaue 


pentane 


°C 

°C 

°C 

°C 

60. 711 

51.938 

111.630 

91.991 

67.256 

57. 285 

117. 434 

96. 368 

72. 665 

61.653 

122.436 

100. 115 

78.581 

66. 389 

128. 684 

104. 759 

85. 241 

71.657 

134. 261 

108.874 

90.477 

75. 754 

140. 081 

113.139 

95. 955 

80. 007 

146.065 

117. 494 

100. 963 

83. 867 

151.202 

121. 204 

105. 951 

87.685 



The equation found to represent the corresponding data is 

t= 1.7064 +1.049344^ + 0.00178137^—0.0000021712^, (10) 

which shows an average deviation of 0.004° and a greatest deviation 
of 0.009° from the 17 experimental values. The normal boiling point 
calculated from eq 10 is 122.283°. The temperatures calculated from 
eq 10 to correspond with the standard reference pressures are given 
in the fifth column of table 5. A single equation of the form of eq 2 
would not adequately reproduce these pressure-temperature data 
over the entire range. By dividing the data into two ranges, satis¬ 
factory reproduction was obtained with the following two equations* 
(a) From 100 to 450 mm, 


log p = 6 .643408 — 


1231.620 
204.975 + 2’ 



with average and greatest deviations of 0.02 and 0.04 
(b) From 430 to 1,500 mm, 


mm, respectively. 


„ s> Q , nRQ/1 1368.925 

log P = 6.860684- ^ 1 679+< , (12) 

with average and greatest deviations of 0.06 and 0.13 mm, respec- 
tively. lhe equation 



2 + 343 962 -^*^0814—-log 
^ (6.860684-log p) 


may be used to obtain the normal boiling point from a boiling point 
measured at any pressure within the range of 430 to 1,500 mm. P 
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Table 5.-Boiling points of benzene, 2 2,3-trimethylbutane, S-ethylpentane, and 

- It - T fl TYi 07 h 1 // “Tl i n 'yi /> 4 J __ * 


Pressure 

Boiling point 

Benzene 

2,2,3-Tri- 

methylbu- 

tane 

3-Ethyl- 

pentane 

m 2 ’ 2 ' 4 ’ 4 * 
Tetramethyl- 

pentane 

mm 

°C 

°C 

°c 

°c 

92. 52 

24. 368 

22.696 

35. 127 

58 356 

118. 06 

29.739 

28. 275 

40. 740 

64 448 

149.40 

35.155 

33. 907 

46.402 

70 611 

187. 57 

40.616 

39. 593 

52. 113 

76. 844 

233. 72 

46. 121 

45. 331 

57.873 

83. 145 

289.13 

51.672 

51.122 

63. 682 

89 511 

355. 22 

57. 267 

56. 966 

69.541 

95. 943 

433. 56 

62. 908 

62. 863 

75.449 

102. 438 

525.86 

68. 593 

68.813 

81.406 

108. 994 

633. 99 

74. 323 

74.816 

87.412 

115. 610 

760.00 

80. 098 

80. 872 

93.468 

122. 283 

906. 06 

85.918 

86. 981 

99. 572 

129. 014 

1,074. 58 

91. 783 

93.142 

105. 726 

135. 799 

1, 268. 03 

97. 693 

99. 357 

111.929 

142. 638 

1,489. 14 

103. 647 

105. 625 

118. 182 

149.528 


Values of the temperature and rates of change of pressure with 

temperature at even values of the pressure are given in table 6 for all 
four substances. 


Table 6.— Values of pressure , temperature , and rates of change of pressure with 
temperature for benzene, 2,2,3-trimethylbutane, S-ethylpentane , and 2,2,A,A- 
tetramethylpentane 


Pressure 

Benzene 

2,2,3-Trimethyl- 

butane 

3-Ethylpentane 

2,2,4,4-Tetramethyl- 

pentane 

Tempera¬ 

ture 

dp/dt 

Tempera¬ 

ture 

dp/dt 

Tempera¬ 

ture 

dp/dt 

Tempera¬ 

ture 

dp/dt 

mm 

°C 

mm/°C 

°C 

mm/°C 

°C 

mm/°C 

°C 

mm/°C 

50 

a 11. 78 

° 2. 58 

<* 9. 63 

° 2.49 

« 21.96 

<• 2. 47 

<* 44.12 

<*2.29 


26. 054 

4.57 

24.443 

4.40 

36. 882 

P4.38 

60. 266 

4.03 


42. 198 

8.06 

41.242 

7. 73 

53. 768 

P7. 70 

78.653 

7. 05 


52. 660 

11.18 

62. 154 

10. 71 

64.719 

10.68 

90.641 

9.74 

400 

60. 601 

14.08 

60. 452 

13.47 

73. 036 

13. 44 

99. 780 

12.21 

500 

67. 086 

16. 82 

67. 236 

16. 07 

79. 830 

16. 05 

107.254 

14. 57 

600 

72.611 

19. 43 


18.54 

85. 620 

18.54 

113. 634 

16. 82 

700 

77. 450 

21.94 


20. 92 

90. 692 

20. 92 

119. 224 

18. 99 

760 

80. 098 

23. 40 

80. 872 

22. 30 

93. 468 

22. 32 

122.283 

20. 25 

800 

81. 773 

24.36 

82. 629 

23. 21 

95. 225 

23.23 

124.219 

21.08 

900 

85. 691 

26.71 

86. 742 

25. 43 

99. 334 

25.46 

128. 749 

23.10 

1,000 

89.283 

28.99 

90. 516 

27. 59 

103. 102 

27.64 

132. 902 

25. 07 

1,200 

95. 702 

33. 39 

97. 265 

31.74 

109. 837 

31.82 

140. 327 

28.86 

1,400 

101.340 

37.61 

103.200 

35.71 

115. 755 

35.83 

146. 851 

32.49 

1,600 

<* 106. 39 

<* 41. 67 

° 108. 52 

<*39.53 

° 121. 06 

<*39.68 

• 152. 696 

<* 35.98 


<* Extrapolated value. 
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INFLUENCE OF STRESS ON THE CORROSION PITTING OF 
ALUMINUM BRONZE AND MONEL METAL IN WATER 

By Dunlap J. McAdam, Jr. and Glenn W. Geil 


ABSTRACT 

Cyclic stress tends to increase the size and sharpness of corrosion pits in alumi- 
num bronze and monel metal and thus tends to increase the rate of lowering of 
. limit by corrosion. The form of corrosion pits in aluminum bronze 

is affected by the duplex microstructure. Pits in monel metal are not appreciably 
influenced by the microstructure. Curves of decrease of the fatigue limit, and 
constant-damage diagrams derived from these curves, are very different from 
;^ Se 0 ? bta , lned W1 ? h st ? e1 ®* These differences may be attributed to the fact that 
lo °* corroslon of aluminum bronze and monel metal, unlike that of steel, 

is anodically controlled. Steady stress tends to increase the rate of corrosion 
pitting of aluminum bronze but has little apparent effect on monel metal. 
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I. INTRODUCTION 

In a recent paper [4] 1 the authors presented results of an investiga¬ 
tion of the influence of cyclic stress on the corrosion pitting of steels 
in well water. The present paper considers the influence of both 

cyclic and steady stresses on the corrosion pitting of aluminum bronze 
and monel metal. 

The lowering of the fatigue limit due to stress corrosion of these 
nonferrous alloys has been discussed in previous papers by the senior 
author [1, 2 . 2 At that time, however, no investigation had been 
made of the forms and sizes of the corrosion pits and their correlation 
with the cyclic stress applied during corrosion. Later, through the 
courtesy ol the Director of the U. S. Naval Engineering Experiment 
Station, Annapolis, Md., the specimens that had been used were made 
available for such a study. This paper gives the results of this investi¬ 
gation and correlates the forms and sizes of the corrosion pits with the 
resultant lowering of the fatigue limit. 

II. MATERIALS AND METHOD OF INVESTIGATION 

The chemical compositions of the cold-worked aluminum bronze 
and monel metal are given in table 1. Aluminum bronze of this com¬ 
position consists of two or more microconstituents, one of them an 
alpha solid solution of aluminum and iron in copper. Monel metal 
consists almost entirely of a single microconstituent, a solid solution. 
Details of the annealing treatment of these alloys for relief of internal 
stress are given in table 2, and tensile properties are given in table 3. 

Table 1 . —Chemical compositions 


[Averages of two or more determinations] 


Alloy 

Desig¬ 

nation 

Percentages of— 

C 

Ni 

Cu 

A1 

Fe 

Mn 

P 

S 

Si 

Aluminum bronze. 

Iy-G 



87.7 

29.6 

10.5 

2.64 
1.76 





Monel inetal_ 

EP-8.. 

0. 16 

67.5 

0. 95 

0.015 

0.017 

6.05 


Table 2. —Annealing treatments for relief of internal stress 


Alloy 

Designa¬ 

tion 

Tempera¬ 

ture 

Time 

Cooled in— 

Aluminum bronze. 

D-6_ 

o p 

600 

800 

Minutes 

180 

180 

Furnace. 

Do. 

Monel metal_ 

EP-8_ 



Table 3. — Tensile properties of alloys 
[Average of at least two determinations] 


Alloy 

Desig¬ 

nation 

Tensile 

strength 

Johnson's 

limit 

Proof 

stress 

(0.01%) 

Elastic 

limit 

Propor¬ 

tional 

limit 

Elonga¬ 
tion in 

2 in. 

Reduc¬ 
tion of 
area 

Aluminum bronze. 

L-t3_ 

lb/in* 
101, 900 
127,200 

lb/in* 
41,900 
95, 000 

lb/in. 3 

42, 800 
90,000 

lb/in* 
36, 900 
84, 500 

lb/ in* 
32,900 
82,000 

Percent 

16.6 

20.6 

Percent 

17.7 

57.8 

Monel metal_ 

EP-8... 



1 Figures in brackets indicate the literature references at the end of this paper. 

* The aluminum bronze was previously [2] designated KF-6. In this paper it is designated L-6 to avoid 
confusion with the effective stress concentration factor Kr. 
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Each specimen used in the investigation of the forms and sizes of 
corrosion pits had been subjected to corrosion under a given cyclic 
stress and cycle frequency for a given time, and had then been dried, 
oiled, and subjected to fatigue test in air. The lowering of the fatigue 
limit was used as a measure of the damage due to the corrosion. The 
water used in most of the corrosion experiments was the same well 
water that was used in the previous experiments with steels [4]. 
Some of the specimens, however, had been corroded in Severn River 
water, a brackish water with a saline content considerably higher than 
that of the well water. 

In studying the corrosion pits, the specimens were examined visu¬ 
ally on the outer surface, and typical specimens were photographed. 
The pits were also viewed in longitudinal sections cut approximately 
through the axes of the specimens. To insure a correct sectional view 
of the pits, the polishing was done in such a way as to minimize removal 
of c T° si0n P r °ducts. For this purpose, the specimens were prepared 
by the method of dry polishing described in the previous paper [4]. 
Typical micrographs were than made. The magnification required 

was much higher (X1000) for these micrographs than for those shown 
in the previous paper [4], 


III. LOWERING OF THE FATIGUE LIMIT DUE TO COR¬ 
ROSION OF ALUMINUM BRONZE AND MONEL METAL 
IN FRESH WATER 

1. INFLUENCE OF STRESSLESS CORROSION ON THE FATIGUE 
LIMIT OF ALUMINUM BRONZE AND MONEL METAL 

The influence of both stressless corrosion and stress corrosion on 
the fatigue limit is represented by figures 1 and 2. In these figures 
abscissas represent durations of corrosion and ordinates represent the 
fatigue limits as determined by subsequent tests without corrosion, 
from these diagrams are derived diagrams of several types repre¬ 
senting the relation between stress, corrosion time, and cycle fre- 

for constant total and net damage. The derived diagrams 
will be discussed (section VI) after consideration of the results of 
examination of the pitted specimens. 

During the stressless corrosion of steel, as shown in the previous 
paper [4], the fatigue limit decreases rapidly at first, but the rate of 
decrease gradually slackens and eventually becomes very slow 
Curves representing such a variation of the fatigue limit have been 
termed retarded-damage” curves. Aluminum bronze and monel 
metal, however, give stressless-corrosion curves of a very different 
type. As shown in figures 1 and 2, each of these curved is nearly 
horizontal at first and remains nearly horizontal throughout a long 
corrosion period. The slope, however, gradually increases and even? 
tually becomes steep. Curves of this form, termed “accelerated- 

nick ef” [2], CUrVeS ’ haV6 alS ° be6n obtained witb stainless steel and 

. As shown in the preceding paper [4], the rate of corrosion of steel 
in well water is cathodically controlled (except possibly at first)- 
that is, the rate is determined by the conditionsat the cathodes 

nickel, m well water, however, is anodicaffy controlled; that is the 
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rate of corrosion is determined by the conditions at the anodes. The 
evidence indicates, therefore, that cathodically controlled corrosion 
tends to give stressless-corrosion curves of the retarded-damage type, 
and that anodically controlled corrosion tends to give stressless- 
corrosion curves of the accelerated-damage type, such as those in 
figures 1 and 2. Space is not available for discussion of the types of 
stressless-corrosion curves obtained when the corrosion rate depends 
on conditions at both cathodes and anodes. 

The results of corrosion generally are more erratic when the control 
is anodic than when it is cathodic. With anodic control, specimens 
corroded under apparently identical conditions may differ greatly in 
the resultant damage as measured by the lowering of the fatigue 
limit. . The scatter of experimental points representing stressless 
corrosion, consequently, is much greater in figures 1 and 2 than in 
graphs representing stressless corrosion of steel in well water [4]. In 
an accelerating corrosion process, as in many other accelerating 

processes, the results are less reproducible than in a process causing 
retarded damage. 

Stressless corrosion of aluminum bronze for more than 2 years 
(fig. 1) reduced the fatigue limit to less than two-thirds the original 
value. If the acceleration of damage should persist with increase 
in the corrosion time, the fatigue limit evidently would be reduced 
to zero in about 4 years, thus implying that corrosion pits had reached 
the axis of the specimen. Before this, however, the rate of lowering 
of the fatigue limit might begin to slacken, thus causing a reversal of 
the stressless-corrosion curve. (Such a delayed reversal would not 

affect the derived diagrams representing constant net and total 
damage). 

Stressless corrosion of monel metal (fig. 2) would be better repre¬ 
sented by a widening band than by a single curve. The curve as 
drawn takes an approximate mean course. In drawing the curve, 
consideration has been given not only to the experimental points 
representing stressless corrosion but also to the three points repre¬ 
senting corrosion under stresses of 8,000, 10,000, and 12,000 lb/in. 2 
at 1,450 cycles per minute. 

2. INFLUENCE OF STRESS CORROSION ON THE FATIGUE LIMIT OF 

ALUMINUM BRONZE AND MONEL METAL 

The stress-corrosion curves for aluminum bronze and monel metal, 
unlike many of the curves for steels [4], descend at an increasing rate. 
The scatter of experimental points generally is greater for a stress- 
corrosion curve than for a stressless-corrosion curve. The scatter is 
much greater for monel metal than for aluminum bronze. Even 
though several experiments were made with monel metal at a number 
of the stresses, the scatter of results is so great that the curves could 
not be accurately established. Some experiments caused fatigue failure 
during corrosion, whereas other experiments at the same stress and 
for about the same corrosion time caused little damage. Such results 
indicate that an ideal stress-corrosion curve would show an acceler¬ 
ated increase of slope and final abrupt drop to zero ordinate. The 
curves are so drawn in figures 1 and 2. Each curve is drawn so as 
to follow an approximate mean course. 

Under simultaneous corrosion and cyclic stress, the lowering of the 
fatigue limit evidently is more rapid than under stressless corrosion. 
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For a given cycle frequency, the rapidity of descent of a curve in¬ 
creases with the cyclic stress; for a given stress, the rapidity of descent 
increases with the cycle frequency. Even at very low cycle fre¬ 
quencies (ranging from 5 cycles per hour to 1 cycle per day), however, 
sufficiently high stress and sufficiently long duration of corrosion may 
cause much net damage (figs. 1 and 2). The quantitative relation 
between stress, cycle frequency, corrosion time, and either net or total 
damage 3 is discussed in section VI. 

IV. PITS CAUSED BY CORROSION OF ALUMINUM BRONZE 

WITH AND WITHOUT STRESS 

1. INFLUENCE OF THE MICROSTRUCTURE ON THE CORROSION 

PITTING OF ALUMINUM BRONZE 


The position and form of corrosion pits in steels, in aerated well 
wator, are little affected by the microstructure [4]. The pits are free 
to assume the forms determined by the corrosion conditions. Pitting 
in the aluminum bronze used in these experiments, however, was 
much influenced by the microstructure. This is illustrated by the 
positions and forms of the pits caused by corrosion of a specimen in 
salt water. The water used for this purpose was Severn River water, 
which generally has about one-sixth the saline content of sea water. 
The specimen was corroded under stress of 60,000 lb/in. 2 at 1 cycle 
per day for 16 days. Surface views are shown in figure 9 and longi¬ 
tudinal sections are shown in figure 10. 

Views A and B of figure 9 show the surface of this corroded specimen 
after slight polishing with magnesium oxide. The polishing was 
merely enough to remove most of the corrosion products from the 
cathodic areas and reveal the pits. The dark areas, shown in view A 
at 100 magnification and in view B at 500 magnification, are pits 
filled with corrosion products. These corroded areas are in the delta 
phase of the alloy. The nearly white, uncorroded areas are in the 
alpha solid solution. The alpha phase evidently is cathodic to the 
delta phase and to the associated iron-rich constituent. 

After considerable additional polishing with magnesium oxide, the 
surface appears as shown in views C and D. The cathodic areas are 
now practically free from corrosion products, and the dendritic struc¬ 
ture of the alloy is clearly revealed. The corrosion pits in this alloy 
generally are not free to assume the roughly hemispherical or saucer¬ 
like forms that are found after corrosion of steels [4]. The pits in the 
aluminum bronze are bounded by the frondlike crystallites of the 
cathodic alpha phase. 

This influence of the microstructuro is revealed not only by the 
surface views but also by the sectional views (fig. 10). Whereas pits 
in steel tend to deepen perpendicularly to the surface, the pits in the 
aluminum bronze follow the interstices between adjacent crystallites 
of the alpha solid solution. Many of the pits thus take an oblique 
direction (fig. 10). This influence of the microstructure is found not 
only after corrosion in salt water but also after the much slower cor¬ 
rosion in fresh water. Numerous instances of this influence will be 
found in the micrographs now to be considered. 


6 t0 , stress-corrosion is measured by the vertical distance of a stress-corrosion curve fat 

damaeoThaV',^ et damage is the difference between the total damage and the 
uamage that would be caused in the same time by stressless corrosion. 6 
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Although the entire delta phase tends to be anodic during corrosion 
in cithei salt water or well water, pitting in well water is not continuous 
throughout the delta constituent. Some parts of this phase evidently 
arc more anodic than others. Very little information about the forms 
and distribution of the corrosion pits, therefore, can be obtained by 
examining the darkened anodic areas on the surface. In this investi¬ 
gation, consequently, attention has been confined almost entirety to 
longitudinal sections. Results of the investigation are shown in 
figures 11 to 26, inclusive. 

2. PITS CAUSED BY STRESSLESS CORROSION OF ALUMINUM 

BRONZE IN WELL WATER 

Although results of stressless corrosion of five specimens of alumi¬ 
num bronze in well water are shown in figure 1, only four of these 
specimens were available for examination of the corrosion pits. Sec¬ 
tional views of these specimens are shown in figures 11 and 12. 

Corrosion for 66 days (view -A, fig. 11) has caused numerous small 
pits. The forms of most of these pits evidently have been influenced 
greatly by the duplex microstructure of the alloy. A few of the pits 
are roughly hemispherical, like pits caused by stressless corrosion of 
steel. After corrosion for 88 days, the pits shown in view B of figure 
11 are smaller than those shown in view A. The lowering of the 
fatigue limit, however, was slightty greater after corrosion for 88 days 
than after corrosion for 66 days (fig. 1). The sections shown in 
figure 11, B , therefore, probably do not traverse the regions of deepest 
pitting on this specimen. As the variation of pitting in a specimen 
generally is greater when the process is anodically controlled than 
when it is cathodically controlled, sectional views of the most deeply 
pitted regions can be obtained less easily with aluminum bronze (and 
monel metal) than with steels. 

After corrosion for much longer than 66 days (fig. 12), the pits have 
increased greatly in size, and the influence of microstructure on the 
forms of the pits evidently has become less prominent. Although 
most of the pits here shown have the saucerlike form found after long 
corrosion of steels, some of the pits show the confining influence of 
the alpha phase. The lowering of the fatigue limit (fig. 1) was much 
greater after corrosion for 640 and 1,021 days than after 66 and 88 
days. This must be attributed largely to the influence of corrosion 
time on the size of the pits. The slightness of the effect of the pits 
shown in figure 11 evidently is due to their small size [4]. 

After corrosion of steel in well water for only 4 and 4.7 days (figs. 9 
and 33 of the previous paper [4]), 4 the pits were much larger and the 
lowering of the fatigue limit was much greater than after corrosion of 
aluminum bronze in well water for 66 and 88 days (fig. 11). 

Values of the effective stress concentration factor, K F , obtained by 
stressless corrosion of steels,aluminum bronze, and monel metal are 
assembled in table 4. The values for the breadth and depth of pits 
have been taken from the sectional views of the pits that probably 
would cause the highest values of K F . These were obtained from 
figures 9, 10, and 33 of the first paper and figures 11, 12, 22, 23, and 
24 of the present paper. The values of K F were obtained from the 
corresponding diagrams, one of which is not found in either of these 
two papers. 6 

* In such comparison, allowance must be made for the fact that the magnification of the sectional views 
In this paper is 4 to 20 times as great as the magnifications used in the previous paper. 
a The diagram for steel AX-W-10 is in a previous paper [3] by the senior author. 
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Table 4.— 


Sizes of stressless-corrosion pits and corresponding values of the effective 

stress-concentration factor , K P 


Metal 

Designation 

Water 

1 

2 

3 

Steel... 

AX-W-10... 

Well. 

Do... 

AX-W-10—. 

_do_ 

Do_ 

IW-W-10. __ 

_do_ 

Do_ 

AX-W-10... 1 

_do_ 

Do_ 

IW-W-10 

_do_ 

Do. 

IW-W-10. 

_do_ 

Aluminum bronze... 

L-6_ 

_do_ 

Do__ 

1,-6 

_do_ 

Do____ 

L-6. 

_do_ 

Monel metal. 

E P-8. 

_do_ 

Do___ 

EP-8. 

EP-3_ 

_do_ 

Do__ 

_do. .. 

Do__ 

EP-8 

_do_ 





Days 

Size of pit 

Ratio 

5:6 

Ky 

Breadth 

Depth 

4 

5 

6 

7 

8 


Inches 

Inches 



2 

0. 0024 

0. 0014 

1.71 

1.09 

4.7 

.006 

.0024 

2.5 

1.35 

10 

.010 

.003 

3.3 

1.47 

47 

.012 

.007 

1.71 

1.61 

50 

.013 

.005 

2.6 

1.71 

100 

.025 

.011 

2.27 

1.83 

66 

.004 

.002 

2.0 

1.05 

640 

.00055 

.0004 

1.37 

1.54 

1.021 

.00065 

.0004 

1.62 

1.76 

122 

.0008 

.0004 

2.0 

1. 10 

157 

.0009 

.00015 

2. 1 

1. 10 

170 

.0011 

.0009 

1.22 

1.20 

170 

.0005 

.0011 

0. 45 

1.20 


For the steels, the value of K P evidently tends to increase with 
increase in the breadth of the corrosion pits. A similar relationship 
is found for aluminum bronze and monel metal in well water. If 
table 4 were arranged solely in the order of increasing breadth of the 
corrosion pits, however, this would not be the order of increasing 
value of K P . The values obtained with aluminum bronze in well 
water for 640 and 1,021 days are too high to be in the order of in¬ 
creasing breadth of corrosion pits. (Some of the values for monel 
metal also are too high for such an arrangement.) 

By plotting values of the breadth of a pit as abscissas and corre¬ 
sponding values of K P — 1 as ordinates, the points obtained with 
steels in well water would give a curve starting from the origin of 
coordinates and rising at a decreasing rate. (Such a curve is also 
obtained by fatigue tests with specimens having notches of the 
same form but differing in size.) The points obtained with alumi¬ 
num bronze in well water for 640 and 1,021 days would be above 
this curve. Probable reasons for this are found by considering the 
ratios of breadth to depth of the pits. For the steels in well water, 
the mean value of this ratio is about 2.3; that is, the pits generally 
are roughly hemispherical. For the aluminum bronze, after corrosion 
for 640 and 1,021 days, the ratio is only about 1.5. The relatively 
high values of K P obtained with these specimens, therefore, may be 
attributed in part to the fact that the relative depth of the pits is 
greater in this alloy than in steels. They may be attributed in part 
however, to the angularity of some of the corrosion pits, the angularity 
resulting from the duplex microstructure of the aluminum bronze, 
lhe differences in the values of K p in table 4 evidently are due not 
only to differences in size but also to differences in the forms of the pits. 

3. PITS CAUSED BY STRESS CORROSION AT 1,450 CYCLES PER 

MINUTE 

In studying the influence of cyclic stress on the forms and sizes of 
corrosion pits, the pits caused by stressless corrosion will be compared 
with the pits caused by simultaneous corrosion and cyclic stress. 
Attention will be given first to specimens that have been subjected 
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to various stresses with a frequency of 1,450 cycles per minute. 

t ypical sectional views are shown in figure 13. These were obtained 
after corrosion for short times. 

The forms of nearly all these pits have been greatly influenced by 
the duplex microstructure. The pits, therefore, are similar in form 
to many of the pits caused by stressless corrosion (figs. 11 and 12) 
.e cyclic stress, however, evidently has had much influence on the 
size of the pits. After corrosion at 30,000 lb/in. 2 for only 1.8 days 
the pits (view A) are nearly as large as those found after stressless 
corrosion for 6G days (fig. 11, A). After corrosion at 25,000 lb/in. 2 for 
6 days (fig. 13, B) y the pits are nearly as large as those found after 

o!^H S l e i\ S / . co 0 ri : osiou for 640 days (fig. 12, A). After corrosion at 
20,000 lb/in. for 11 days (fig. 13, C ), some of the pits are larger than 
those found after stressless corrosion for 1,021 days (fig. 12, B). 
Moreover, the ratio of depth to breadth, for some of the pits shown 

\ i ^ theater than for the pits found after stressless corrosion. 

Although no distinct fissures or crevices (such as those found after 
corrosion of steels at this cycle frequency) are found in figure 13, the 
cyclic stress probably has increased the sharpness of the salients in 
this alloy. Cyclic stress evidently influences the size and form of 
the corrosion pits in aluminum bronze as well as in steels. 

To facilitate comparison between the corrosion pits and the cor¬ 
responding lowering of the fatigue limit, three different symbols are 
used for the experimental points in figures 1 and 2. A triangle is 
used when the sectional view gives distinct evidence of fissures; a 

square is used when no fissures are visible; a circle is used when the pits 
have not been examined. 

The pits in any specimen tend to vary more widely when the corro¬ 
sion process is anodically controlled than when it is cathodically 
controlled. Correlation between a sectional view of corrosion pits 
and the lowering of the fatigue limit, therefore, is less satisfactory for 
aluminum bronze than for steels. If the pits shown in figure 13 were 
the most advanced pits in these three specimens, these views would be 
in the order of increasing damage. Actually, however, they are in 
the order of decreasing damage (fig. 1). The pit at which fatigue 
fracture started probably was more advanced than any of the pits 
found in a sectional view. The resultant damage evidently depended 
on the increased size and sharpness of a few of the most advanced 
pits, not visible in figure 13. 

The apparent absence of damage (fig. 1) due to the pits shown in 
figure 13 (C) may be attributed to a locally high fatigue limit for this 
specimen. The pits shown in figure 13 (<7), although they appear 
large at this high magnification, are smaller than pits caused by stress- 
less corrosion of steel for a much shorter time in well water (fig. 9 of 
the preceding paper [4]). 

4. PITS CAUSED BY STRESS CORROSION AT 10,000 CYCLES PER 

MINUTE 

Corrosion with a cycle frequency of 10,000 per minute at 30,000 
lb/in. 2 for 0.3 day has caused the pits shown in view A of figure 14. 
One of the pits here shown is about as large as any of those found 
after stressless corrosion for 66 days (fig. 11, A). The pits shown in 
figure 14 (A), moreover, generally have greater relative depth than 
those found after stressless corrosion. Some of the pits, especially 
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those extending in oblique direction, are very sharp. From one of 
these a crack has started. A crack such as this evidently caused the 
fatigue failure during the corrosion stage (fig. 1). 


5. PITS CAUSED BY STRESS CORROSION AT 500 CYCLES PER 

MINUTE 

Corrosion with a~cycle frequency of 500 per minute has caused 
the pits shown in views C , and D of figure 14. After corrosion at 
60,000 lb/in. 2 for 0.06 day (view J5), some pits are nearly as large as 
those found after corrosion for 640 days without stress (fig. 12, A). 
The cyclic stress, moreover, evidently has caused the sharp projec¬ 
tions generally extending in an oblique direction. To sharp salients 
such as these may be attributed the rapid decrease of the fatigue limit 
during corrosion (fig. 1). As this specimen did not fail by fatigue 
during corrosion, the cracks starting from some of the sharp salients 
(fig. 14, B) may have started during the subsequent fatigue test. 

The sharp projections extending inward from the corrosion pits 
shown in views A and B of figure 14 probably are crevices and fissures 6 
similar to those caused by stress corrosion of steels. In aluminum 
bronze, however, the crevices and fissures generally are not free to 
advance in a plane perpendicular to the axis of the specimen, as they 
do in steels. The planes of extension, both inward and along the sur¬ 
face of the specimen, are determined largely by the direction of the 
crystallites of the alpha phase. All these fissures probably have 
started at blunt pits and have extended both inward and along the sur¬ 
face. A sectional view, in aluminum bronze as in steel [4], however, 
may not traverse the origin of a fissure. 

Corrosion at 40,000 lb/in. 2 for 0.7 day has caused the pits shown in 
figure 14 ( C ). As the corrosion caused considerable damage (fig. 1), 
this damage must be attributed to larger or sharper pits than those 
revealed in figure 13 ((7). A similar discrepancy exists between the 
damage and the pits shown in figure 13 (Z>). 


6. PITS CAUSED BY STRESS CORROSION AT 50 CYCLES PER MINUTE 


Corrosion with a cycle frequency of 50 per minute has caused the 
pits shown in figure 15. After corrosion at 50,000 lb/in. 2 for 1.1 days 
(view A), some pits are nearly as large as those found after stressless 
corrosion for 640 days (fig. 12, A). The cyclic stress, moreover, has 
caused sharp oblique projections, as shown in some of the sections. 
To such projections, which probably are sections of fissures, may be 
attributed the rapid lowering of the fatigue limit (fig. 1). These 
fissures probably started at blunt pits, such as those shown in figure 
15 (A), and extended both along the surface and inward. 

After corrosion at 35,000 lb/in. 2 for 6.7 days (fig. 15, B ), some of 
the pits are larger than those found after stressless corrosion for 1,021 
days (fig. 12, B). One of the pits shown in figure 15 ( B ) has extended 
inward in an oblique direction and has incipient sharp projections. 
To such projections and to the increased size of the pits may be attri¬ 
buted the lowering of the fatigue limit, as shown in figure 1. 

After corrosion at 20,000 lb/in. 2 for 52 days, the pits are larger than 
those found after stressless corrosion for 66 days (fig. 11, A). Because 


a Croviecs, as defined in the previous paper [4], are merely 
visible on the surface of the specimen at low magnification 
tlnguish between crevices and fissures. 


fissures that have not advanced far enough to be 
. No attempt will be made in this paper to dis* 
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°f the small size of these pits (only about 0.0005-inch diameter), their 
enect on the fatigue limit was inappreciable (fig. 1). 


7. PITS CAUSED BY STRESS CORROSION AT 10 CYCLES PER MINUTE 

Corrosion with a cycle frequency of 10 per minute has caused the 
pits shown in figure 16. After corrosion at 40,000 lb/in. 2 for 13 days 
(view A), some pits aie as large as those found after stressless corro¬ 
sion for 1)021 days (fig. 12, B ). Sharp projections extend obliquely 
mward. The largest of these pits is the origin of sharp projections, 
which probably are sections of fissures. This view, unlike those in 
figures 14 (A) and ( B ) and 15 ( A ), shows the blunt pit from which 
the fissures started. The fissures have caused considerable damage 

(hg- 1)- 6 

After corrosion at 30,000 lb/in. 2 for 26 days (fig. 15, B), the pits are 
about as large as. those found after stressless corrosion for 66 days 
(fig. 11, A). Incipient sharp projections, such as those here shown, 
may account for the considerable decrease in the fatigue limit (fig. 1). 

8. PITS CAUSED BY STRESS CORROSION AT 0.5 CYCLE PER MINUTE 

Corrosion with a cycle frequency of 0.5 per minute has caused the 
pits shown in figure 17. After corrosion at 60,000 lb/in. 2 for 6 days 
the pits found in view A are very small; one of the blunt pits, however, 
is relatively deep. A few sharp pits extending mward from the 
surface probably are sections of fissures which started at blunt pits 
not shown in this view. This effect of the cyclic stress accounts for 
the considerable damage shown in figure 1. 

After corrosion at 50,000 lb/in. 2 for 13 days (fig. 18, B), some of the 
pits are as large as those found after strcssless corrosion for 640 days 
(fig. 12, B ). Sharp pits, moreover, extend obliquely inward from the 
surface. The blunt origins of these sharp pits are not traversed by 
this section. The lowering of the fatigue limit of this specimen was 
not as great as would be expected. 


9. PITS CAUSED BY STRESS CORROSION AT 5 CYCLES PER HOUR 

Corrosion with a cycle frequency of 5 per hour has caused the pits 
shown m figures 18 and 19. After corrosion at 60,000 lb/in. 2 for 15 
days (fig. 18, A ), the pits are as large as those found after stressless 
corrosion for 1,021 days (fig. 12, B). One of the sections, moreover, 
shows an oblique pit, which probably is an incipient fissure. The 
increased size and sharpness of the pits, due to the cyclic stress, ac¬ 
count for the lowering of the fatigue limit (fig. 1). 

After corrosion at 50,000 lb./in. 2 for 24 days (fig. 18, B ), the pits are 
considerably larger than those found after stressless corrosion for 
1,021 days. Nevertheless, the pits are much smaller than those caused 
by corrosion of steel in well water for 10 days (fig. 9, D of the first 
paper [4]). The sharp oblique projections from one of the pits in 
figure 18 (B) probably are incipient fissures. The lowering of the 
fatigue limit was about the same for this specimen as for the speci¬ 
men represented in figure 18 (A). 

After corrosion at 30,000 lb/in. 2 for 339 days, the pits shown in 
figure 19 are only about as large as those found after stressless corro¬ 
sion for 66 days (fig. 11, A). This specimen, therefore, probably 
contained much larger pits than those traversed by the section. 
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Numerous sharp projections, however, extend inward from pits and 
from the surface of the specimen. To these sharp fissures may be 
attributed the great decrease of the fatigue limit (fig. 1). 

10. PITS CAUSED BY STRESS CORROSION AT 1 CYCLE PER HOUR 

Corrosion with a cycle frequency of 1 per hour has caused the pits 
shown in figure 20. After corrosion at 60,000 lb/in. 2 for 20 days (view 
A ), the pits are larger than those found after stressless corrosion for 
66 days (fig. 11, A) but no fissures are visible. The effect on the 
fatigue limit, as shown in figure 1, was small. About the same effects 
on the pits and on the fatigue limit were caused by corrosion at 40,000 
lb/in. 2 for 73 days (fig. 20, B). Corrosion at the same stress for a 
much longer time (fig. 20, (7), however, caused sharp projections, 
which probably are sections of fissures. The development of these 

fissures has caused rapid descent of the curve of decrease of the fatigue 
limit (fig. 1). 

After corrosion at 35,000 lb/in. 2 for 374 days (fig. 20, D), no large 
pits are found. This specimen, however, probably contained much 
larger pits than those traversed by the sectional view. Sharp fissures 
extend obliquely inward from the surface and from some of the small 
pits. To the sharp fissures must be attributed the great decrease in 
the fatigue limit (fig. 1). (In a few more days, this specimen probably 
would have failed during corrosion.) 


11. PITS CAUSED BY STRESS CORROSION AT 1 CYCLE PER DAY 

Corrosion with 1 cycle per day has caused the pits shown in fio-ure 
21. After corrosion at 60,000 lb/in. 2 for 28 days (view A ), the & pits 
are nearly as large as those found after stressless corrosion for 640 
days (fig. 12, A). The pits have lowered the fatigue limit slightly 
After corrosion at 40,000 lb/in. 2 for 151 days, sharp projections are 
found (view B , fig. 21). In some regions, these sharp salients are in¬ 
termingled with portions of the alpha phase. Pits of the same type 
moreover, are found after corrosion at the same stress for 240 days 
(view C ). The sharp salients, together with interspersed portions of 
the alpha phase, form pits larger than those found after stressless cor- 
rosion for 1,021 days (fig. 12, B). The great effect of such pits on 
the latigue limit is illustrated by the descent of the curve in figure 1. 

V. PITS CAUSED BY CORROSION OF MONEL METAL WITH 

AND WITHOUT STRESS 


1. PITS CAUSED BY STRESSLESS CORROSION OF MONEL METAL IN 

WELL WATER 

Th ® distribution of corrosion pits on the specimens of monel metal 

Through *3 O un , lfo ™-. Th ? Pits .generally were found in clusters. 
I hrough such a cluster in each specimen a section was cut and polished 

for microscopic examination. After the pits in this section were 

photographed, the section generally was polished again so as to re- 
move about 0.001 inch of metal. The removal of this thin layer of 

y r , eVea ! ed other corrosion Pits- In this manner, photo* 
° f several sections sometimes were obtained. In assembling 

no ittempt was made to 
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Only a few of the many specimens of monel metal that were sub¬ 
jected to corrosion were available for examination of the corrosion pits. 
,he Pits v ere examined in only three of the nine specimens (fig. 2) 
that had been subjected to stressless corrosion. Sectional views of 
these three specimens are shown in figures 22, 23 and 24 

After stressless corrosion for 122 days (fig. 22)’, the pits are small. 
Although some pits appear large at this high magnification, they are 
much smaller than the pits caused by corrosion of steel for only a few 
days (fig. 9 of the previous paper [4]). As monel metal is essentially 
a single-phase alloy, the pits are little influenced by the microstructure 
the pits shown in figure 22, consequently, are roughly hemispherical 
or saucerlike, resembling m this respect the pits caused by brief cor¬ 
rosion of steel. Because of their bluntness and small size, these pits 
have had little effect on the fatigue limit (fig. 2). 

After stressless corrosion for 157 days (fig. 23), some of the pits are 
broader, but no deeper, than after corrosion for 122 days. Some of 
the pits resemble in form and size the pits shown in figure 22. The 
fatigue limit of this specimen, moreover, was about the same as that of 
the specimen corroded for 122 days. 

Larger pits were found after stressless corrosion for 170 days (fig. 24). 
Sharp projections, moreover, have formed on some of the pits; other 
sharp pits have extended inward from the surface. As these sharp 
pits were formed without stress, they probably are rootlike projections 
rather than transverse fissures. Rootlike pits may be formed in 
either steels or nonferrous metals under the influence of concentration 
gradients of oxygen or of an anion or cation. The fatigue limit of this 
specimen was lower than that of all the other stressless-corrosion 
specimens of this alloy, even specimens that had been corroded for 
much longer times. Typical stressless-corrosion pits in monel metal, 
therefore, probably resemble in form those seen in figures 22 and 23 
rather than those seen in figure 24. This conclusion is supported by 
results of examination of pits caused by stress corrosion. 

2. PITS CAUSED BY STRESS CORROSION OF MONEL METAL AT 

1,450 CYCLES PER MINUTE 

Corrosion with a cycle frequency of 1,450 per minute has caused 
the pits shown in figure 25. After corrosion at 30,000 lb/in. 2 for 10 
days, only a few very small pits are visible even at this high magnifi¬ 
cation (view A). They probably are not much larger than if the 
specimen had been corroded without stress. Rounded pits of this 
size (about 0.0001-incli diameter) have practically no effect on the 
fatigue limit [4]. The fatigue limit, however, was not much more 
than half that of an uncorroded specimen (fig. 2). Some pits in this 
specimen, therefore, probably were much larger or sharper than if the 
specimen had been corroded without stress. This is one of the few 
experiments (at high frequency) that were stopped in the midst of the 
nearly vertical descent of the stress-corrosion curve. As this steep 
descent probably was due to the rapid development of a single fatigue 
crack from one of the corrosion pits, the chance of finding the rounded 
pit from which the crack started was very small. 

After corrosion at 10,000 lb/in. 2 for 331 days (fig. 25, B) some of 
the pits are much larger than those caused by stressless corrosion for 
170 days (fig. 24). Most of this difference in size probably is due to 
the cyclic stress. The great decrease of the fatigue limit caused by 
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stress corrosion of this specimen (fig. 2), however, probably should bo 
attributed to the development of a crevice, fissure, or fatigue crack 
from a sharp projection, such as the one pointing inward from the 
largest pit in figure 25. As shown in the previous paper [4], the 
effective stress-concentration factor increases with both the size and 
the sharpness of the pits. 

3. PITS CAUSED BY STRESS CORROSION OF MONEL METAL AT 5 

CYCLES PER HOUR 

Corrosion with a cycle frequency of 5 per hour has caused the pits 
shown in figure 26. After corrosion at 45,000 lb/in. 2 for 123 days 
(view A), the pits are larger than those found after stressless corrosion 
for about the same time (fig. 22), and are about as large as those found 
after stressless corrosion for 170 days (fig. 24). Some of the pits in 
figure 26 (A), moreover, have small sharp projections, which probably 
represent incipient fissures. The effect of the cyclic stress on the 
size and form of the pits, however, was not great enough to cause much 
net damage (fig. 2). Corrosion for a little longer time probably 
would have caused rapid development of transverse fissures and rapid 
descent of the corresponding curve in figure 2. 

Corrosion at 40,000 lb/in. 2 for 148 days has caused the pits shown 
in view B of figure 26. Although the corrosion time was longer for 
this specimen than for the specimen represented in view A, the 
moderate increase in time would not be expected to compensate for 
the decrease in stress. As would be expected, therefore, the pits 
shown in view B appear less damaging than those shown in view A. 
Although some of the pits shown in view B are broader than those in 
view A , they are shallower and show no evidence of incipient fissures. 
The pits evidently have caused very little net damage (fig. 2). 

VI. NET AND TOTAL DAMAGE DUE TO STRESS COR¬ 
ROSION OF ALUMINUM BRONZE AND MONEL METAL 

IN WELL WATER 

1. TYPES OF DIAGRAMS REPRESENTING NET AND TOTAL DAMAGE 

From figures 1 and 2, other diagrams have been derived to represent 
the interrelation between stress, corrosion time, cycle frequency, and 
total number of cycles, for constant net and total damage. These 
diagrams are shown in figures 3 to 8. Diagrams of the types shown 
in figures 3, 4, and 5 are shown in previous papers by the senior author 
[1, 2], Since that time, however, stress-corrosion experiments with 
aluminum bronze were continued so as to remove all uncertainty as 
to the forms of these diagrams. 7 The additional information thus 
made available, together with the information obtained by examina- 

tion of the corrosion pits, leads to definite conclusions as to the process 
of stress corrosion of these alloys. 


2. DIAGRAMS REPRESENTING CONSTANT NET DAMAGE 


The diagrams in figures 3, 4, and 5 represent the relation between 
stress, corrosion time, cycle frequency, and total number of cycles, 
for 15 perce nt net damage. This amount of net damage is represented 


* These experiments were made with the cooperation of W. C. Stewart. Metallurgist of the T 7 R MavaI 
Engineering Experiment Station, with the permission of the Director of the Station. 
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by the broken line below each stressless corrosion line in figure 1 
Each of these broken lines is drawn so that the ordinate at any point 

fin! P TW i° f th( ;.^responding ordinate of the stressless-corrosion 
line. The intersections of the broken lines with the stress-corrosion 
lines are used in deriving the diagrams in figures 3, 4, and 5 

nlan J fi nd 4, r the d . ia g r ? m ,? m Ty be considered to represent 

stresses m the corrosion stage. The curves in figures 3 and *4 thus 
^mf U r C ° nt i Ur lu ! es on - the surface of the three-dimensional dia¬ 
these two alloys are shown m figure 5. Each diagram in this figure 
represents fines on the surface as viewed in the direction of the arrow 
m figures 3 and 4. Diagrams A and C of figure 5 represent views of 
constant-frequency fines, which are seen in figures 3 and 4 as straight 
diagonal lines Diagrams B and D of figure 5 show fines representing 
constant numbers of cycles, which are seen as constant-ordinate lines 

in figures 3 and 4. Diagrams of this type have not been considered 
in previous papers. 

The form of the diagram for aluminum bronze (fig. 3) is well estab¬ 
lished by means of the experunental points. The curves as drawn 
however, are not based only on the positions of these experimental 
points. The curves in this diagram and in the complementary 
diagiams (A and B of fig. 5) are so drawn that the three diagrams rep¬ 
resent correlated views of a three-dimensional diagram. The diagram 
in figure 3 has thus been extended to lower stresses and cycle fre¬ 
quencies than those used in actual experiments. The extrapolated 
P 0 ™ 1011 ,. 0 * diagram may be considered qualitatively correct. 

i he form of the corresponding diagram for monel metal (fig. 4) also 
is well established by means of the experimental points. The diagram 
lOi monel metal evidently is qualitatively similar to the diagram for 
aluminum bronze. Drawn in accordance with the evidence and in 
proper correlation with the complementary diagrams (<7and Z>, fig. 5), 
khc Vagram in figure 4 may be considered qualitatively correct. 

I he diagrams in figures 3 and 4 are very different from the corre¬ 
sponding diagram obtained with steels in well water, figure 6, of the 
previous paper [4]. Whereas all the curves in that diagram, as they 
extend to the right, approach a, horizontal direction, all the curves in 
figures 3 and 4 approach a vertical direction. This difference in form 
is due chiefly to the difference in form of the curves representing stress- 
less corrosion. When the stressless-corrosion curve is of the retarded- 
damage type, the derived diagram tends to be of the form obtained 
with steels in well water. When the stressless-corrosion curve is of the 
accelerated-damage type (figs. 1 and 2), the derived diagram tends to 
be of the form shown in figures 3 and 4. 8 The great difference in form 
of these diagrams representing constant net damage, therefore, may 
be attributed to the difference in the type of control of the rate of 
corrosion. Anodic control tends to give a diagram of the form shown 
in figures 3 and 4. 

All the diagrams in figure 5 are similar in form. The lines represent¬ 
ing low frequencies (in diagrams A and C) and the lines representing 
small numbers of cycles (in diagrams B and D) are nearly straight, 

8 The diagrams representing constant net damage thus resemble qualitatively the diagrams representing 
constant total damage, figures 6 and 7. 



McAdam, Jr/j Stress Corrosion oj Two Nonferrous Alloys 149 

as are all the lines in the corresponding diagrams for steels in well 
water [4]. With increase in the cycle frequency or in the total number 
of cycles, however, the curvature of the lines increases and the slope 
decreases. 

From the slope of a low-frequency line, an estimate can be made of 
the influence of stress on the rate of net damage. As shown in the 
preceding paper [4], the linear logarithmic relationship may be repre¬ 
sented by the equation R=CS n , in which R represents the mean rate 
of net damage, S the stress, and C and n are constants. The exponent 
n is the cotangent of the angle of slope of the line. As indicated by the 
slopes of the lines representing 1 cycle per day in figure 5, the value 
of n (for this cycle frequency) is 3.5 for aluminum bronze and about 
2.1 for monel metal. The rate of net damage evidently varies as a 
power of the stress. As represented by the curved lines in figure 5, 
however, the power exponent increases with the stress and with the 
cycle frequency. In this respect, the diagrams for aluminum bronze 
and monel metal differ from the corresponding diagram for steels 
(fig. 5 of the preceding paper [4]). 

3. DIAGRAMS REPRESENTING CONSTANT TOTAL DAMAGE 

A diagram to represent constant total damage may be derived from 
families of curves of the type shown in figures 1 and 2 by utilizing the 
coordinates of intersections of such curves with a given horizontal 
line. An index of the total damage corresponding to this horizontal 
line is the effective stress concentration factor, K P , obtained by divid¬ 
ing the fatigue limit of an uncorroded specimen by the fatigue limit 
of the corroded specimen [4]. 

Two-dimensional diagrams representing constant total damage may 
be of several types, representing different views of a three-dimensional 
diagram. In figures 6, 7, and 8 are diagrams of three types, corre¬ 
sponding to the three types of diagrams representing constant net 
damage (figs. 3, 4, and 5). The diagrams in figures 6 and 7 are plan 
views of three-dimensional diagrams for aluminum bronze and monel 
metal, respectively. In figure 8, the diagrams represent views in the 
direction of the arrows in figures 6 and 7. In diagrams A and C of 
figure 8, the lines are constant-frequency lines; in diagrams B and I), 
each line represents the indicated total number of cycles. The total 
damage on which each diagram is based is indicated by the value of 
K f . At the right of each of the diagrams in figures 6 and 7 and at 
the left of each diagram in figure 8, is a straight boundary line which 
represents the time necessary to reach the indicated value of K F 
through stressless corrosion. The course of each curve represents 
the influence of cycle frequency (or number of cycles) in shortening 
the time necessary to cause constant total damage. 

In the plan diagram for aluminum bronze (fig. 6), each curve ap¬ 
proaches a vertical direction. The curves, however, do not approach 
the same vertical asymptote. With the possible exception of curves 
representing stresses less than about 25,000 lb/in. 2 , none of the curves 
approaches the.time boundary of the diagram, the line representing 
stressless corrosion. A diagram of this form evidently indicates that 
the influence of stress on corrosion would be about the same for all 
cycle frequencies less than about 1 cycle per day. The evidence in 
figure 6 thus implies that the corrosion pitting of aluminum bronze 
is accelerated by steady stress. The relation between steady stress 
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and time for constant net damage evidently is represented approxi¬ 
mately by the curve representing 1 cycle in figure 8 ( 2 ?). 

The plan diagram for monel metal (fig. 7) is qualitatively similar 
to the diagram for aluminum bronze. The diagram for monel metal, 
however, has not been extended to sufficiently low cycle frequencies 
to determine whether or not all the curves approach the time boundary 
?lr 9 diagram. If they do, steady stress (at least up to 80,000 
Ib/in.) has no appreciable effect on the corrosion pitting of this alloy. 
Comparison of figures 6 and 7, however, shows conclusively that the 
influence of steady stress is much less for monel metal than for 
aluminum bronze. Tiie same conclusion would be readied by com- 
paring the diagrams for these two alloys in figure 8 . 

Diagrams representing constant total damage for steels in fresh 
water (not shown) differ greatly from the diagram for aluminum 
bronze (fig. 6 ). In a plan diagram for steels, all the curves approach 
the time boundary, thus indicating that steady stress (at least up to 
the maximum value used in the investigation) has no appreciable 
effect on the corrosion pitting of steel in fresh water. As shown in 
the preceding paper [4], an influence of steady stress on corrosion 
would not be expected when the rate of corrosion is cathodically con¬ 
trolled, but is possible when the rate is anodically controlled. 

VII. THE PROCESS OF STRESS CORROSION OF ALU¬ 
MINUM BRONZE AND MONEL METAL IN AERATED 

FRESH WATER 

The evidence presented in previous sections indicates that cyclic 
stress tends to increase the size and sharpness of corrosion pits in 
aluminum bronze and monel metal. The effect tends to increase with 
the stress and with the cycle frequency. The effect of stress on the 
corrosion pitting of these two alloys thus resembles qualitatively the 
effect of stress on the corrosion pitting of steels. For steels in well 
water [4], however, the accelerating influence of cyclic stress is caused 
chiefly by an increase in the permeability of the coating of corrosion 
products. Cyclic stress increases the permeability in both cathodic 
and anodic regions and tends to shift the process from a cathodically 
controlled toward an anodically controlled process. An increase in 
the stress or the cycle frequency thus opposes the tendency of the 
process to shift, with time, toward purely cathodic control. As the 
corrosion of aluminum bronze and monel metal is an anodically con¬ 
trolled process, the rate of corrosion pitting depends not only on the 
initial stress but also on the enhanced stress due to stress concentra¬ 
tion around the corrosion pits. The rate of pitting thus tends to be 
accelerated. As with any accelerating process, the results are less 
reproducible than the results obtained by stress corrosion of steels 
in well water [4]. 

The accelerating influence of steady stress on the corrosion pitting 
of aluminum bronze may be due to an increase in the solution 
pressure, especially in the regions of high stress concentration around 
corrosion pits. This influence of stress is superposed on the influence 
of an increased permeability of the anodic coating owing to the 
cyclic stress. 

The difference in behavior of monel metal and aluminum bronze 
under steady stress may be caused, at least in part, by the fact that 
aluminum bronze has a duplex microstructure, whereas monel metal 
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is a single-phase alloy. The difference, however, may be caused in 
part by the greater strength of the monel metal and in part by a differ¬ 
ence in the permeabilities of the anodic coatings. The influence of 
stress on the solution pressure would be important only when the 
stress is locally high enough to cause plastic deformation and when 
the anodic coating is so permeable that the permeability is not the 
controlling factor. 

As will be shown in a later paper, however, steady stress accelerates 
the corrosion pitting of steel in distilled water, even when the nominal 
stress is far below any index of elastic strength. An influence of 
steady stress on corrosion evidently is favored by conditions causing 
a slow corrosion rate, with anodic control. Such conditions, when the 
stress is high enough, tend to cause sharp, deep corrosion pits, which 
increase the local stress and thus accelerate the advance of the pit. 

VIII. SUMMARY 

Corrosion pits in the aluminum bronze, unlike the pits in steels, 
generally are not free to assume a roughly hemispherical form but are 
confined between crystallites of the alpha phase. Pits in monel metal 
are more like those in steel. Pits in aluminum bronze and monel 
metal are much smaller than those in steel. Cyclic stress tends to 
increase both the size and sharpness of the pits. The effective stress 
concentration that causes the lowering of the fatigue limit depends 
on both the size and the sharpness [4]. A sufficiently high combina¬ 
tion of stress, cycle frequency, and corrosion time causes fissures to 
develop from blunt pits. Fissures in the aluminum bronze generally 
are oblique, whereas fissures in steel and monel metal tend to be per¬ 
pendicular to the direction of the principal tensile stress. 

The curves of decrease of the fatigue limit with corrosion time are 
of the accelerated-damage type. Such curves are obtained when the 
corrosion rate is anodically controlled. With these two alloys, there¬ 
fore, the pits in a specimen have a wider range of size and sharpness 
than the pits formed under cathodic control, as in steels. The pit 
that caused the lowering of the fatigue limit may have been much 
larger and sharper than the pits found in the sectional views. The 
damage may then be greater than the sectional views would indicate. 
Many of the sectional views, however, give good correlation with the 
resultant fatigue limits. 

Steady stress tends to accelerate corrosion of aluminum bronze but 
has little apparent effect on the corrosion pitting of monel metal. 


Acknowledgement is made to H. O. Wlllier for the development of 
the method of polishing and for the careful preparation and photo¬ 
graphing of the metal specimens. 
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Figure 1. —Influence of corrosion, with and without stress, on the fatigue limit of 

aluminum bronze. 
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Figure 3. —Constant net damage due to stress corrosion of aluminum bronze. 
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Figure 4. —Constant net damage due to stress corrosion of monel metal. 
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Figure 5 .—Constant net damage due to stress corrosion of aluminum bronze and 

monel metal. 
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Figure 6. Constant total damage due to stress corrosion of aluminum bronze . 
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Figure 7. —Constant total damage due to stress corrosion of monel metal. 
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Figure 23. —Monel metal, stressless corrosion , longitudinal sections , well water , X1000. 157 days. 
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DISTRIBUTION OF OZONE IN THE STRATOSPHERE: 

MEASUREMENTS OF 1939 AND 1940 

By W. W. Coblentz and R. Stair 


abstract 

Continuing the measurements of ultraviolet solar radiation intensities in the 
stratosphere made in 1937 and 1938 (RP1207), in this paper a description is 
given of similar measurements made with improved apparatus in the summer 
of 1939 and 1940. 

The apparatus that was transported aloft by means of unmanned balloons 
consisted of the following elements: (1) a photoelectric cell and filter radiometer, 
connected with a balanced amplifier, relaxation oscillator, and radio transmitter 
for measuring the ultraviolet intensities; (2) a radio-operated barometer, giving 
the heights attained by the apparatus; and (3) an electrolytic resistor for measur¬ 
ing the ambient temperature of the ultraviolet intensity meter. 

The audio-frequency modulated radio wave, giving (1) the intensity of the 
incident ultraviolet solar radiation, (2) the elevation of the apparatus, and (3) 
the temperature of the ultraviolet meter, was received and graphically recorded 
at a fixed ground station (RP1075). 

In three successful flights made in June 1939, and in two similar flights made 
in 1940, the ultraviolet radiometer attained heights ranging from about 78,000 
to about 88,000 ft (23 to 27 km). From the observed change in filter trans¬ 
missions of ultraviolet solar radiation with elevation, it is deduced that the appa¬ 
ratus passed through 65 to 70 percent of the ozone (and other ultraviolet-absorbing 
constituents, if any, in the upper atmosphere), the most of which is localized in 
a layer extending from 15 to 27 km, with a wide maximum of concentration at 
a height of about 24 to 25 km, above the earth’s surface. At the highest eleva¬ 
tion attained by the instruments, the intensity of the ultraviolet solar radiation 
of wavelengths shorter than 3132 A was 10 to 12 times that observed at sea level. 
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I. INTRODUCTION 

In a previous communication [1] 1 a description was given of the 
results obtained in June 1938 in measuring ultraviolet solar intensi¬ 
ties, and thereby determining the vertical distribution of atmospheric 
ozone, at various elevations above the earth’s surface. Readers 
interested in the subject are referred to this and other papers for a 
description of the instruments used [1, 6, 7]; the methods of measure- 

* Figures in brackets indicate the literature references and notes at the end of this paper. 
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merit, and reduction of observations; and for a discussion of the 
preliminary measurements made in June 1937 [5, 6]. 

For clarit 3 r m exposition of the herein described data, it is relevant 
to record that an ultraviolet-intensity meter, consisting of a photo¬ 
elec tuc cell and filter radiometer connected with an audio-frequency 
generator and radio transmitter, is transported aloft by means of 
small unmanned balloons [5]. The radio signals giving the altitude 
and temperature of the apparatus, and the ultraviolet solar inten¬ 
sities, are received and recorded graphically at a fixed ground station 
15, 6, 7]. 

As mentioned in the previous paper [1], the problem then was 
(and still is) the lack of a satisfactory photoelectric cell for measuring 
uie incident solar ultraviolet radiation, which increases rapidly in 
intensity and changes markedly in spectral quality, as the apparatus 
rises above the earth’s surface and passes through the layer of ozone 
that is concentrated principally in the stratosphere. 

.The type of photoelectric cell now available commercially, best 
suited for this work, consists of a spherical bulb covered with a diffus- 
mg window; the interior of the bulb being photoelectrically sensitized 
with a suitable metal (Cd) which, in the samples used, changed in 
spectral response and intrinsic sensitivity with age, and with tem¬ 
perature, to a greater extent than is desirable. 2 

One of these photoelectric cells (Cd-38303) had a unique record 
of performance. It made three stratosphere flights (1938, 1939, and 
1940), and was used in measuring sky and solar radiation at Flagstaff, 
Ariz., in 1938. In its flight of June 20, 1940, after attaining an 
altitude of 83,000 ft (25 km), the radio sonde descended to an eleva¬ 
tion of 70,000 ft (21 km), where it floated for several hours and was 
carried out to sea. The following day, at sunset, it was seen falling 
into the sea with three of the original six balloons still inflated, some 
140 miles southeast of the Boston Lightship, and was recovered soon 
thereafter. The report received with the return of the instrument, 
a month later, stated: “On delivery at Fish Pier, Boston, box was 
badly broken, contents loosened from fastenings; but (radio) tubes 
not broken. Batteries, (barograph, motor, filters) were missing.” 

It is interesting to note that the spectral response of Cd-38303 
(as indicated by the transmissions of four filters [17], using a Mazda 
CX lamp as a source of ultraviolet) before the flight of 1940 was the 
same as before the flight of 1939. Similarly, the spectral response 
after the flight of 1940 was the same as after the flight made in 1939. 

In both years the percentage transmissions of ultraviolet through these 
filters was lower (indicating a higher spectral response in the short 
wavelengths relative to the long wavelengths) after the flight than 
before the flight, with an apparent recovery in relative spectral re¬ 
sponse after resting a year. Similar changes in spectral response were 
observed in other cadmium-photoelectric cells after a flight. A cor¬ 
rection for this change in filter transmission, which is similar in magni¬ 
tude but opposite in direction to the correction for temperature, has 
not been applied to the herein described ultraviolet measurements, 
because it is small and because of the lack of knowledge as to when the 
change occurred during a flight. 

1 In this connection, we record our appreciation of the assistance of Dr. Louis Roller, of the Research 
Laboratory of the General Electric Company, in selecting photoelectric cells that had closely the s P*\ c y~ 
range of sensitivity desired in this investigation. We thank also the National Geographic Society and tne 
Radio Section of the National Bureau of Standards for their cooperation in this work. 
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1. TESTS WITH THE NEW TYPE RADIO TUBES 

In view of the fact that the highest elevation attainable is limited 
by the kind of balloons used and by the weight of the apparatus that 
is being transported, preliminary to the flights of 1940 an attempt was 
made to reduce the weight by employing smaller batteries and radio 
tubes than were previously used in the ultraviolet meter [1, 5, 7]. 

At the outset it was found that the small radio tubes, recently 
introduced for use in hearing aids, were unsuitable for operation in 
the stratosphere ultraviolet meter. 

Several radio units were assembled using some of the new 1.4-volt 
radio tubes (principally the types 1N5-GT, 1A7-GT, and 1G6-G), in 
an attempt to decrease the weight of the apparatus. However, since 
the battery requirements were similar to those used with the older 
type of radio tubes, the actual saving in weight in the ultraviolet 
meter was only about 4 ounces. 

The 1N5-GT tubes operated satisfactorily, and were incorporated 
in some of the amplifiers used in 1940. However, none of the com¬ 
binations of the other new models of radio tubes investigated operated 
as satisfactorily as those previously employed in the transmitters, 
and their use without further prolonged experiments was considered 
inexpedient, especially since there would have been but little reduction 
in weight of the radio sonde. 


II. EXPLORATION OF THE VERTICAL DISTRIBUTION 

OF OZONE IN THE STRATOSPHERE 

Reference has already been made to earlier papers [1, 5, G, 7] for a 

description of apparatus and methods of measurement of ultraviolet 
solar intensities in the stratosphere. 

The balloon flights of 1939 differed from those made in 1940 only 
in that, in the latter, additional equipment in the form of an electro¬ 
lytic resistor [2, 3] was included to measure the ambient temperature 
of the photoelectric cell and filters. This temperature element was 
near the center of the axis of rotation of the disk that supported the 
filters, and hence measured the temperature of the enclosure under 
the disk and the cover of the box containing the ultraviolet meter 
(see fig. 6 of Ii Pi 207 [1]). As in previous years, the top of the box 
( cover ) was painted black to heat the interior by absorbing solar 
radiation. The sides and bottom of the box were wrapped in "cotton 
batting and black cloth to retard cooling of the batteries. An exton- 
sion arm, attached to the axis of rotation of the disk that supports 
the lliters, provided a means for opening the electric circuit of the 
ultrariolet meter and closing the circuit through the temperature 
dement. In order to eliminate interference between the radio 

^ fnn 3 nl! d u atl «i! the u , ltraviolet intensities, and the temperature 
of RPl 907 S’ T'l}" ab0Ut ° n °- half p ho dis k opaque (sec fig. 6, 

disk were obtained of the reference frequency of the ultraviolet 
clernent^wiiJ'fn’tf & ^ d PPl2 . 07 HD I.and when the temperature 

revolution A d nl glV i m fA 16 temperature. Since the disk made one 
revolution in about 45 seconds, and the rate of ascent was 700 to 
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1,000 ft/min, numerous measurements were obtained of the ultra¬ 
violet solar intensity and of the temperature of the enclosure at 
various elevations above the earth’s surface. 

1. NOTES ON THE STRATOSPHERE BALLOON FLIGHTS 

In the flights of 1939, the weight of the complete apparatus was 
about 5 lbs (2.3 kg). In the flights of 1940, the additional weight 
of the temperature element was compensated by reducing the length 
of the rubber shock cord. In all the flights latex balloons, model 700 
(weight 700 to 740 g), made by the Dewey and Almy Chemical Co., 
were used. These balloons were joined in tandem by means of 
especially strong long-staple cotton twine (regular twist, mainsail 
stitching twine; 12S/14 ply; weight 130 ft/oz) having a minimum 
breaking strength of 30 lbs (14 kg). To provide a long period of 
pendular swing, the distance between the box containing the ultra¬ 
violet meter and the point of attachment of the lowest balloon was 
30 to 32 m. This suspension cord consisted of three strands of 
twine having a minimum breaking strength of 90 lbs, which was 
needed when launching the apparatus in a strong wind. 

The distance between the points of attachment of the individual 
balloons was 8 m; the sections being graded from three strands for 
the lower three balloons to one strand each for the two topmost 
balloons. Each balloon was held to the main lifting cord by a 
5-m length of this twine. 

In some of the flights provision was made for releasing the balloons 
after bursting, as described by Johnson [13]. However, the device 
usually became entangled with the main lifting cord and failed to drop 
off. Moreover, in all recoveries of apparatus, the main part of the 
balloon was blown into long narrow strips (0.5 to 2.5 cm wide; 0.5 to 
1.5 m long) that sometimes became entangled in the lifting cord, and 
only the heavy tube at the end (weighing about 1.5 to 2 oz; 40 to 
60 g) remained. The additional “ dead” weight on the bursting of one 
balloon, therefore, had but little effect upon the flight of the apparatus, 
which is determined by the lifting power of the remaining balloons. 
Hence, this refinement in making flights was not continued. 

All of the ascents were made at Beltsville, Md. In 1939 tlmee flights 
were made, and there were three recoveries. In the first flight (June 
22), using Cd-38303, two balloons were lost soon after the start, 
therefore it was a four-balloon ascent, to 78,000 ft, at the rate of about 
630 ft./min. The descent by two balloons began at 1:00 p. m. D 10 
radio sonde was seen falling into Chesapeake Bay, near Baltimore, 

from which it was recovered about 4 p. m. . 

In the second flight (June 26, to a height of 78,000 ft), the ascen 
was at the rate of 1,325 ft/min with six balloons; then 875 
with five balloons; then 550 ft/min with four balloons descent o 

three balloons. , . 

In the third flight (July 1, 1939) using seven balloons, each having 

free lift of 1 lb 14 oz, a height of 87,000 ft (perhaps 89,000 ft) wa 
attained—one-balloon descent. The rate of ascent was 920 it/ 
to an elevation of 70,000 ft, then 670 ft/min. The ascent starte 
10:40 a. m. and the descent at 12:43 p. m. The apparatus was r 
covered at 2:10 p. m. near Middletown, Del., a distance of abou , 
miles from the starting point. In the two previous flights, 
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apparatus was recovered in nearby Maryland and Virginia, respec¬ 
tively. 

In 1940, four ultraviolet radio sonde flights were made, only three 
of which were successful. In each flight six balloons were used, each 
balloon being inflated to lift 1 lb 14 oz. In the fourth flight (June 27), 
one balloon became detached during the launching; hence it was a 
five-balloon ascension. 

The first flight (June 17) was unsuccessful because of local radio 
interference, and the radio transmitter may have been injured in 
launching the apparatus. The apparatus was recovered the following 
morning by a coast guard on Cape Henlopen Beach, N. J.—three 
balloons intact, box crushed. Apparently the partly inflated balloons 
had dragged the box along the shore, breaking all the apparatus. 

In the second flight (June 20), using Cd-38303, the ascent began at 
10:59 a. m. in a strong breeze. The maximum elevation (83,000 ft) 
was attained at 12:47 p. m. The descent was followed until 4:30 p. m., 
when the sun was too low to shine upon the ultraviolet meter but 
seemed to heat it (see fig. 1). The flight record is interesting in that 
the measurements of ultraviolet intensities at the ceiling give a more 
sharply defined indication of the time the highest elevation was 
attained than the barograph record. As mentioned on a preceding 
page, during the descent the apparatus floated for some hours at an 
elevation of about 70,000 ft, and was blown out to sea beyond Boston, 
where it fell into the ocean 24 hours later. Whether the box of appara¬ 
tus was broken on the shoals, or by grappling hooks in making the 
recovery, was not learned. As already noted, in the flights of 1939 this 
photoelectric cell fell into Chesapeake Bay. 

In the third flight (June 22) the ascent started at 10:30 a. m. The 
maximum elevation (87,300 ft) was attained at 12:25 p. m. In this 
flight, as in the preceding one, the rapid change in ultraviolet inten¬ 
sities with elevation gave a more sharply defined indication of the time 
the maximum elevation was attained than the barographic record. 
In this flight and in the following one there was no recovery of ap¬ 
paratus. Presumably this was owing to (upper air) weather condi¬ 
tions which were unusual, in that there were but few clear days all 
summer; and presumably, also, owing to the fact that the balloons 
did not descend promptly the same day (or in the daytime) when the 
descent could be seen. Nevertheless, as a whole, the score of recov¬ 
eries of apparatus (14 recoveries out of 19 flights; 74 percent in 4 
years) seems remarkably high, considering the fact that the flights 
were made so close to large bodies of water, marshy areas, and infre¬ 
quently visited lowland covered with trees and underbrush. Of the 
14 recoveries, three were from the water and two on the beach, 
bordering large bodies of water. 

III. EVALUATION OF THE ULTRAVIOLET INTENSITY 

MEASUREMENTS 

For details regarding the methods of evaluation of these measure¬ 
ments, reference is made to preceding papers [1, 5, 6]. It will, there¬ 
fore, suffice to recall that the evaluation of solar ultraviolet intensities 
in the stratosphere requires a knowledge of: (a) the spectral-response 
curves of the photoelectric cell; (b) the spectral ultraviolet trans¬ 
mission of the filters; (c) the spectral-absorption coefficients of ozone 
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and Rayleigh scattering; (d) the solar-energy curve outside the at¬ 
mosphere; and (e) the change in transmission of the integrated ultra¬ 
violet solar radiation, resulting from a change in temperature of the 
photoelectric cell and filters used in the ultraviolet meter. The latter 
enters as a minor correction in the calculations. 

1. EFFECT OF TEMPERATURE ON THE ULTRAVIOLET 

MEASUREMENTS 

The effect of temperature on the ultraviolet solar-radiation measure¬ 
ments was determined by enclosing an ultraviolet meter in a heat- 
insulated, airtight box that was cooled with solid C0 2 (“dry ice”). 
The source of ultraviolet was a tungsten Mazda CX lamp, operated 
under conditions to give filter transmissions of integrated ultraviolet 
radiation closely similar to those obtained in measuring ultraviolet 
solar radiation in the stratosphere (see fig. 2 of reference [11]). 

Starting with the apparatus at room temperature (25° C), filter 
transmissions were made at decreasing temperatures, down to —40° C. 
By this procedure the apparatus was always warmer than the refrig¬ 
erant, and no moisture condensed on the windows and the filters. 

In the temperature range of +25° to —35° C(A = 60° C) the 
filter transmissions increased by 2.1 to 2.8 percent (average 2.5 per¬ 
cent for all photocells) of the value observed at room temperature. 
For example, using photoelectric cell Cd-38303, the transmissions of 
the LG -filter increased from 21.0 to 23.8 percent and the iS-filter 
increased from 42.2 to 45.0 percent (A = 2.8 percent). 

This is equivalent to a decrease in spectral sensitivity of the photo¬ 
electric cell in the short wave lengths (or increase in sensitivity in the 
long wavelengths with decrease in temperature), or an increase in 
spectral transmission of the filters in the short wavelengths as ob¬ 
served by Arrol [18]. The combined effect of these two elements is 
the opposite of the change in spectral quality of the ultraviolet 
(increase in intensity in the short wavelengths, producing a decrease 
in percentage transmission of the filters) observed with increase in 
elevation above the earth’s surface. This correction is small, however; 
and, because of the rise in temperature (see fig. 1), is practically 
negligible at the highest elevations. This test for change in spectral 
response is extremely sensitive and easily observed. The change in 
total response (intrinsic sensitivity) was too small to separate from 
the errors of measurement of the total intensity. 

In figure 1 are depicted the measurements of the ambient tempera¬ 
ture of the photoelectric cell and the filters, observed on two flights 
into the stratosphere. It is interesting to note that the lowest 
temperatures (—15° C) within the box occurred at an elevation ol 
15 km, which was the starting point in the calculations of our earliest 
measurements [5, 6] and is the beginning of an appreciable change m 
concentration of ozone per kilometer as shown in figure 5. . 

Incidentally, it is relevant to note that, relative to the large varia¬ 
tions in the intensity measurements, the corrections for temperature 
are small (largest at 12 to 16 km), so that by a fortuitous combination 
of data on spectral response of the photocells and transmissions oi ® 
filters, used in the stratosphere measurements of 1938, the g ia P 
(fig. 14 of RP1207 [1]) showing the distribution of ozone at various 
elevations above the earth’s surface is in good agreement witn s 
sequent observations (see fig. 5). 
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2. THE EXTRATERRESTRIAL ULTRAVIOLET SOLAR SPECTRAL- 

ENERGY CURVE 

An important factor that enters into the calculations of the ozone 
distribution above the apparatus is the shape of the curve depicting 

Qonn S A sPpctral-energy curve of wavelengths shorter than about 
ozuu A, outside the earth s atmosphere. The solar spectrograms and 
spectrum photographic density measurements of Fabry and Buisson 
\iz\ snow large rraunhofer bands in the region of 2900 2940 ^09^ 
and 3120 A, with two bands of high intensity in the regfon of :2985 
and 305o A, respectively. The early measurements of Pettit, using 
integrated sunlight, indicated a high emission in the region of 2980 A- 
but this was not observed on the center of the solar disk [41. All our 
measurements by means of photoelectric cells and filters [14 ill 
indicate a high emission in the region of 2980 A. A blueprint of 
unpublished observations by Brian O’Brien (given us in 1930) shows 

a In vieTof 0 1 lies rCgl t 0n ° f 2950 ^ and a low emission at 3030 A 

In view of these uncertainties, and in order to obtain calculated 

filter transmissions that are in agreement with the observed filter 
transmissions of the integrated ultraviolet incident upon the photo¬ 
electric cell, we adopted a spectral-energy distribution that is hivh 
m the region of 2980 A (see table 1) and low in the region of 3050 A_ 
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omitting the narrow emission at 3055 A shown in the spectrograms of 
Fabry and Buisson, in order to simplify the calculations. Inciden¬ 
tally, it is to be noted that the various observers are in fair agreement 
in the evaluation of the energy distribution in the spectral region 
of 3100 to 3300 A. 

Table 1.— Solar energy outside the earth's atmosphere 

[From all data available: Pettit (integrated and center of disk, 1931-39); Fabry and Buisson (1922): O’Brien 

(unpublished 1930, blueprint); Coblentz and Stair (1935); Stair and Hand (1939)] 
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In calculating the distribution of ozone in the stratosphere, use is 
made of the solar spectral-energy data given in table 1 , and the spectral- 
absorption coefficients of ozone [16] described in previous papers [ 1 , 6 ]. 

While numerous determinations of the spectral-absorption coeffi¬ 
cients of ozone in the atmosphere are in close agreement with similar 
measurements on ozone prepared in the laboratory [15], it is to be 
noted that recent investigations by Adel and Lampland [ 8 ] seem to 
indicate the presence of oxides of nitrogen (N 2 0 and N 2 0 5 ) in the 
upper atmosphere [9], produced by the photochemical action of ultra¬ 
violet solar radiation. Adel [9] points out that, if the coincidence of 
the bands of selective absorption (at 7.77 and 8.57 p, respectively) 
in the atmosphere and of laboratory preparations of the above- 
mentioned oxides of nitrogen is not fortuitous, there would appear to 
be a lajmr of N 2 0, comparable to the known layer of ozone, in the 
stratosphere. Such a deduction has wide implications. The writers 
do not recall data on the ultraviolet spectral absorption of N 2 0. The 
measurements of Jones and Wulf [ 10 ] show no bands of selective 
absorption of N 2 0 5 in the ultraviolet; but an increase in absorption 
with decrease in wavelength is recorded, the spectral-absorption coeffi¬ 
cients being similar in magnitude to those of ozone. It is therefore 
an interesting scientific question how much of the observed ultra¬ 
violet spectral absorption is caused by each of these gases ( 0 3 , N 2 O, 
N 0 O 5 ); though for our purposes it seems relatively unimportant, since 
use is made of the directly observed spectral-absorption coefficients 
that appear to be representative of all of the gases that form the 
absorbing layer in the stratosphere. 

To recapitulate, using sunlight, also starlight [15], as a source, 
measurements show narrow bands of selective absorption superposed 
upon a wide band of general absorption in the terrestrial atmosphere, 
that increases with decrease in wavelength in the extreme ultraviolet 
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of the solar-energy spectrum. Earlier measurements of these atmos¬ 
pheric ultraviolet-absorption coefficients have been correlated with 
definite amounts (n. t. p.) of laboratory preparations of ozone. 
Recent infrared solar spectral-energy measurements show (atmos¬ 
pheric) absorption bands identifiable with laboratory preparations of 
certain oxides of nitrogen. If this is not a fortuitous, approximate, 
coincidence (because of the small dispersion usable) of Fraunhofer 
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Figure 2.— Integrated ultraviolet solar and sky radiation intensities of wavelenath <j 

shorter than 3132 A at various altitudes above the earth's surface. 

lines, the presence of oxides of nitrogen in the upper atmosphere is to 
be inferred, and is to be expected on the basis of ultraviolet photo¬ 
chemical action. However these deductions and inferences do not 
modify the herein-described measurements and conclusions, which 

pertain to the position, and not the composition of the absorbing- 
layer, m the stratosphere. g 


3. EXPOSITION OF DATA 


The ultraviolet intensities are received at the ground station in the 

rf/nfl S1 apl l 1Ci i ° f audl ° frequencies emitted by the photo- 

electncally controlled radio transmitter, during ascent and descent of 
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the apparatus, as shown in figure 8 of the preceding paper [1], From 
such records of ascents in 1939 and 1940, data are obtained showing 
the variation in ultraviolet solar intensity with altitude, as depicted 
in figures 9 and 10 of the preceding paper [1]. 

In figure 2 are depicted the integrated ultraviolet intensities of 
ultraviolet solar radiation of wavelengths shorter than 3132 A, at 
various elevations above sea level, observed in 1939 and in 1940. At 
the lower elevations the wide spread in the intensity measurements is 
to be attributed to clouds, haze, and dust on different days. At the 



ALTITUDE 

Figure 3. —Percentage transmission of the glass filters used in various stratosphere 

flights. 


highest elevations the ultraviolet intensities observed in 1939 and in 
1940 are in good agreement with the measurements of 1938, indicating 
an intensity of about 900fiW/cm 2 of ultraviolet radiation of wave¬ 
lengths shorter than 3132 A, at an altitude of about 27 km [1]. 

From data similar to those depicted in figures 9 and 10 [1], the niter 
transmissions are calculated by two methods as outlined on page 59 J 
and depicted in figure 11 of the preceding publication [1]. Some oi 
these filter transmissions, observed at different elevations of the ultra¬ 
violet meter, using photoelectric cell Cd-38303, are plotted in figure 3. 
The arrows in the upper right-hand corner of this illustration indicate 
the ascent and descent of the apparatus. In order to increase the 
accuracy of the audio-frequency readings, the glass filters used ir * ^he 
flights of 1940 had higher integrated ultraviolet transmissions than 
those used in 1938 and in 1939. Using the same photoelectric ce 
(Cd-38303), it may be noted that the individual observations oi 194 
suffered greater variations than those obtained with this appai a us 
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SOME FACTORS INFLUENCING THE PERFORMANCE OF 
DIAPHRAGM INDICATORS OF EXPLOSION PRESSURES 

By Frank R. Caldwell and Ernest F. Fiock 


abstract 

Information obtained during the development and use of accurate diaphragm- 
type indicators of the pressures developed during explosions of gaseous mixtures 
in bombs is presented. Although some of the following conclusions are not 
original, all are supported by new experimental evidence. 

It is shown that all passages and cavities on the explosion side of the diaphragm 
should be eliminated for highest accuracy. Although the sensitivity of the 
diaphragm to pressure difference must not be less than the value determined by 
the accuracy with which pressures are to be measured, it is important when highest 
accuracy is desired, that the sensitivity shall not greatly exceed this same value 
so that the inertia error will not become larger than the allowable tolerance. 
Radial tension in the diaphragm is advantageous in reducing time lag. A blued 
or polished surface is preferable to one which absorbs more radiant energy. Pro¬ 
jections around the diaphragms are without measurable effect upon the perform¬ 
ance of the indicators. It seems probable that, with a properly designed indi¬ 
cator, the measured values of explosion pressure need not deviate from the actual 
pressure by more than a few tenths of 1 mm Hg. 
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I. INTRODUCTION 

Experimental determinations of a number of the burning charac¬ 
teristics of various gaseous mixtures, when exploded in a spherical 
bomb, hav e been described m a recent publication. 1 In order to 
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make the results reliable over a wide range of conditions, it was neces¬ 
sary that the measurements of pressure be accurate, both in the early 
stages of the burning and later in the combustion process w’hen the 
pressures were high and rising rapidly. A diaphragm-type indicator, 
which shows when a definite pressure is reached, was selected for these 
measurements because of its inherent simplicity, adaptability, and 
high precision. However, preliminary experiments were necessary 
to determine the most favorable dimensions and the most suitable 
methods of mounting and of recording. 

It seemed simpler, mechanically, to mount the pressure indicators 
completely outside the spherical bomb, and the presence of perforated 
disks to support the diaphragms on the explosion side appeared to 
offer some advantages. Hence, preliminary experimental studies of 
the effects of the necessary passages and of backing disks were under¬ 
taken prior to designing the spherical bomb and its pressure indica¬ 
tors. The results of these preliminary studies may be of practical 
importance, since diaphragm indicators used for measuring explosion 
pressures in engine cylinders have frequently had either connecting 
passages or backing disks, or both. 

The present results thus fall logically into two groups. The first 
of these was obtained with special indicators having soft diaphragms 
of rolled silver, designed to show the effects of restrictions between 
the flame and the diaphragm and used at either end of a cylindrical 
bomb designed for test purposes. The second group was obtained 
with indicators having their spring-steel diaphragms directly exposed 
to the explosive charge in a spherical bomb. 

II. EXPERIMENTS WITH INDICATORS ON A TEST BOMB 

1. TEST APPARATUS 

The apparatus used in testing preliminary forms of the indicators 
is shown diagrammatic ally in figure 1. It provided for the compari¬ 
son of two indicators differing from each other in only one significant 
constructional detail, and for the investigation of a number of design 
features through simple mechanical changes. 

One indicator was mounted at each end of the cylindrical bomb, 
so that both indicators were subjected to the same rise in pressure. 
The figure shows indicators of the balanced-diaphragm type, in which 
a very flexible circular diaphragm was clamped at the rim between 
two perforated supporting disks. For brevity, the supporting disk 
on the explosion side will be referred to as the inner backing disk 
and that on the other side of the diaphragm as the outer backing disk. 

The number and pattern of the perforations differed for the inner 
backing disks, as did the thickness. To provide for the necessary 
movement of the diaphragms, the adjacent surfaces of the inner disks 
were shaped as cones having approximately 0.004-in. altitude. 

In all cases the outer backing disks were alike, haying both sur¬ 
faces plane and normal to the axes and perforated in the pattern 
illustrated with diaphragm A of figures 3, 4, and 5. Each had 442 
holes, 1.5 mm in diameter, with centers 2 mm apart, and a ring of o 
holes, 1 mm in diameter, around a central hole 2 mm in diameter 
through which the end of the insulated electrode passed. 

The electrode, shown diagrammatically in figure 1, was of stainless 
steel, with a rounded and polished contact. It was threaded through 
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Figure 1— Diagrammatic representation of cylindrical bomb and recording system. 
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a gland which was insulated with mica from the remainder of the 
indicator. 

In using this type of instrument, a known constant backing pressure 
was applied continuously to the outer face of the diaphragm. When 
the pressure on the explosion side just exceeds this backing pressure, 
the diaphragm moves quickly from its inner to its outer support, 
where it completes an electrical circuit by means of which the instant 
of contact is recorded. It will be shown later that the amount of 
pressure required to move the diaphragm can be made extremely 
small by the selection of optimum dimensions for the diaphragm. 

The apparatus for taking photographs, from which the extremely 
small time intervals can be measured, is also shown in figure 1. Three 
recording spark gaps were focused on a film carried on a drum driven 
at 3,600 rpm by a synchronous motor. The first spark was in series 
with the igniting spark and recorded the instant of ignition. The 
other sparks followed on the record as each diaphragm made contact 
with its insulated electrode. Since the velocity of the film was known, 
the time elapsing between ignition and the operation of each indicator 
could be obtained directly from the photograph. 

The operating procedure was as follows. The electrodes were 
adjusted to make contact when the diaphragms were in their neutral 
positions. The backing pressure was applied, and the bomb was filled 
to atmospheric pressure with explosive mixture of known composition. 
Each of the duplicate indicator circuits was set by first throwing 
switch Si to the right to charge a condenser to 220 volts, and then to 
the left to connect the charged condenser to the tube circuit. Dis¬ 
charge of the condenser is prevented by a 22.5-volt negative bias on 
the grid. Switch S 2 was then thrown to the left to charge another 
condenser to 110 volts, and then to the right, discharging this con¬ 
denser through the primary of the spark coil which produced the 
igniting spark. As each diaphragm made contact with its electrode, 
the grid bias was removed, and the 220 volt condenser discharged 
through the tube and through the spark coil which produced the 
recording spark for the indicator. 

The various values of voltage, resistance, capacitance, and induc¬ 
tance given in the figure were found satisfactory, although consider¬ 
able variation in most of these values is permissible. Either mercury- 
or argon-filled electron tubes may be used, short ionization time and 
adequate plate current (0.25 ampere or more) being the only require¬ 
ments. By the use of condensers as the source of plate current, the 
tubes can be operated far above their rated steady current-carrying 
capacity, because the discharge of the condensers takes place in such a 
short time. 

It was comparatively simple to make connections which allowed 
slight leakage from the high-tension ignition circuit to the grid cu*- 
cuits of the electron tubes. By such a device the firing spark was made 
to trigger the other two sparks. Photographs of the three sparks, 
taken under these conditions, show directly the time lag of the electron- 
tube circuits. Repeated observations revealed that the sparks in the 
tube circuits sometimes preceded the ignition spark by 15 micro¬ 
seconds and sometimes lagged behind it by the same amount. This 
variation seemed to be purely accidental in character and was prob¬ 
ably due to effects at the spark gaps themselves. There seemed to be no 
evidence of a measurable lag in the tube circuits, and it is believed 
that the observed accidental variations were largely eliminated by 
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repetition of observations and by applying smoothing operations to 
the results. 

Some difficulty was at first experienced with premature tripping 
of one or both tube circuits by leakage from a high-tension circuit. 
The 60-millihenry choke coil and the 0.002-microfarad condenser in 
the tube circuits were found to remove this difficulty. Shielding the 
grid circuits to obtain complete isolation of one from the other was also 
found desirable. 


2. EFFECTS OF CONNECTING PASSAGES 

In order to measure the effect of interposing connecting passages 
between the indicator and the explosion vessel, an indicator was 



Figure 2 .—Effects of connecting passages upon the observed values of pressure. 


mounted directly on one end of the bomb and an identical indicator 
was connected through a passage to the other end. This is the 

™!v ment * dl V. strat l ed m figure 1. The diaphragms themselves 
St MMsTn S WCre ,r ° m sil™ sheet 

fJ 0 lme - pres T e < ? UI 7 es obtained with this combination of indicators 

of C0 < H *> and 0 2 are shown 

of a very large number of observations, not shown individuals from 

ofL a er 0ti r Sene l° f observations. Comparable cmves fromX 

^ fc 2 rm 1 dlcat0r efvf s b° wn for five different connecting passages each 
which the pressure rose in the cavity at its outer end. This throwing 
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effect is to be expected as long as the pressure in the cavity is changed 
solely by flow of gas from the main combustion chamber. In such a 
cavity the pressure must lag behind that in the main combustion 
chamber by an amount which wdll increase as the passage is made 
smaller or longer, as the volume of the cavity is made greater, or as 
the rate-of-pressure rise in the bomb increases. 

The sharp breaks in the curves for the passage-mounted indicator 
are doubtless caused by the occurrence, within the cavity, of secondary 
explosions, which are thereafter preponderant in effect upon the pres¬ 
sure at the diaphragm. The rapid rise in pressure from the secondary 
explosion is the natural result of igniting an explosive mixture which 
is initially in a highly compressed and turbulent state. 

The peak pressures recorded for the cavity never exceeded those 
recorded for the main combustion chamber. It is probable that the 
inability of the diaphragms to follow the extremely rapid pressure 
rise in the cavity is largely responsible for this fact, although cooling, 
promoted by turbulence and high surface to volume ratio, is also 
effective in the same direction. 

When the diaphragms were removed from the indicators after a 
number of explosions, they invariably showed more or less permanent 
deformation in the pattern of the holes of the outer backing plate. 
This was unexpected, because preliminary tests under static pressures 
had caused no visible permanent set at 600 lb/in. 2 , which is much 
higher than the peak explosion pressure developed in the bomb 


proper. 

The section sketches of figures 3 to 6 show the passageways and 
inner backing disks which were tried. The outer backing disk alwavs 
had the pattern shown with diaphragm A of figures 3, 4, and 5. The 
conical clearance for the diaphragm is exaggerated, but the other gas 
passages are drawn in proper proportion. Below the sketches are 
photographs of the diaphragms and the inner backing plates that were 
used with each arrangement. 

Those diaphragms used with combination A of figure 3 were badly 
deformed at their centers just opposite the passage, and were blackened 
on the explosion side. Presumably the flame, rushing through the 
passage and directed against the diaphragm, had the effect of a blast 
torch, producing local softening. 

When the central holes of the inner backing disk were closed, as m 
B and C of figure 3, the deformation at the center of the diaphragm 
was greatly reduced. However, deformations in the pattern of the 
outer disk existed over the entire surface, and were accentuated when 


larger passages, as shown in C , were used. 

For passage-mounted indicators the diaphragms never made con¬ 
tact with their electrodes at backing pressures exceeding 70 lb/in. 
It was therefore assumed that the deformations were produced only 
when backing pressures were low. Then the diaphragm is pressed 
against its outer support early in the explosion, and unburned charge 
is highly compressed in the conical clearance at the diaphragm before 
it is ignited. The resulting explosion in the conical clearance may 
therefore be much more violent than the secondary explosion in the 
larger cavity at the end of the passage. In fact, the appearance ol 
the diaphragms furnishes definite evidence that the excessively mgn 
pressures are not developed in the main combustion chamber but m 
the cavities of the indicators. 
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Figure 3. Deformations of silver diaphragms after use with two different 

passages and two different inner hacking disks. 
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Figure 4. — Deformations of silver diaphragms after use with three different inner 

backing disks , but without other connecting passages. 
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Figure 5 . Extreme deformation of silver diaphragms, including partial rupture 

resulting from very rapid burning in the clearance space. 

Diaphragm C shows the slight deformation produced by a static pressure of 750 lb per sq in. 
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3. EFFECTS OF BACKING DISKS 

Figure 4 shows photographs of three diaphragms, with the corre¬ 
sponding inner backing disks, that were used in an indicator mounted 
directly on the end of the bomb. As previously stated, the outer back¬ 
ing disk was always of the type shown at A. When, as in case A 
the inner disk had many holes, interposing the least resistance between 
the combustion chamber and the clearance, the diaphragm was 
deformed least. If fewer holes were present, as in B, the deformations 
became more pronounced. When there were only seven holes, as in 
C, still greater deformation occurred, especially in that region of the 

diaphragm which was protected from the main explosion by the solid 
portion of the backing plate. 

In one case the inner disk, B, was oriented so that each of its holes 
came directly opposite a hole in the outer backing disk. Practically 
no deformation of the diaphragm occurred when these outer holes 
were in line with like holes in the inner disk. However, there was 
considerable deformation into those holes in the outer disk which were 
opposite solid portions of the inner disk. This observation clearlv 
indicates the existence of pressure differences of several hundred 
pounds per square inch within a millimeter or so of gaseous medium 
and testifies to the extreme rapidity of the explosion in the clearance 
space. During the comparatively slow influx of the unburned gas 

ST 1S w b Fttlc pressure drop in the passages of the inner backing 
disk. However, the more rapid burning of the heated and compressed 

nrAsan ea ^ ai \ C v? results In s , ucb a bl g b rate-of-pressure rise that the 
pressure drop in the passages becomes very great. 

In figure 5 (A and B) the effect of the explosions in the clearance is 
shown for a very fast-burning mixture of propane and oxygen For 
comparative purposes, diaphragm C, which was subjected to a static 
pressure of 750 lb/in.’ is included. Although the pressure deeped 
m the explosion vessel by the burning of the propane mixture was 
probably not imore than 200 lb/ 111 . 2 , the pressure in the cavity must have 

deformation results when the number of holes in the inner backW 

StaSrS 4££ m a r" bcr ° r ole “* cui h * s «• 

thfmo h ' gh y comprcssud before ifc is ignited, and therefore produces 

the maximum pressure upon burning. jiioumos 

A number of tests were made to determine whether the inner bn cl¬ 
ing plate had sufficient throttling effect to cause a lag simUar L thnt 
shown in figure 2 for connecting*passages. While X effect of thin 
well-perforated backing plates is probably so small as to be neelie-ihle 
h ™ L P ractlcal purposes, the tests indicated that the presence^ a 

“ '* 8 det f c, ? ble with th » P*"methods 
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4. EFFECTS OF BACKING PRESSURES 

Deformation of the diaphragms was apparently due to secondary 
explosions of great force, but involving only a very small amount of 
gas, in the clearance of the indicator. Despite this fact, the indicators 
never recorded pressures higher than those which would be expected 
from the primary explosion in the main combustion chamber. It was 
therefore logical to believe that the application of high backing pres¬ 
sures would hold the diaphragm against its inner support and prevent 
the explosive charge from entering the clearance, where it could be 
involved in a secondary explosion. 

To test this theory, a backing pressure of 165 lb/in. 2 was applied 
and the diaphragm examined after a single explosion. Its photo¬ 
graph appears at A in figure 6. Even though the indicator did not 
record, the diaphragm showed distinct deformation into the perfor¬ 
ations of both the inner and the outer backing disks. An interpreta¬ 
tion which seems to fit the observed facts is that a veiy rapid burning, 
probably a detonation, in the large cavity at the end of the passage 
and in the holes of the inner backing plate drove the diaphragm 
against its outer support with great suddenness and violence, except 
for a small area at the center which failed to touch the electrode. The 
failure to make electric contact and the reverse dimple at the center 
of the diaphragm were probably due in part to the fact that the solid 
oortion at the center of the inner backing plate prevented the full 
orce of the detonation in the cavity from reaching the center of the. 
diaphragm. In addition, the electrode itself and the small holes 
surrounding it apparently offered sufficient resistance to the escape 
of the gas in the backing-pressure chamber to hold a gas pocket around 
the electrode. 

After producing the small ring of deep dents around the center of 
the diaphragm and the shallower dents over the area near the rim, 
the explosion pressures must have collapsed as suddenly as they 
were developed, allowing the diaphragm to be slapped back against 
its inner supporting disk by the backing pressure with sufficient 
suddenness to produce deformation in the opposite direction. These 
deformations into the holes of the disk on the explosion side (shown 
on the photograph by the light spots in the area beyond the small 
ring of deep dents) are evidence of the suddenness and completeness of 
the collapse of the explosion pressure, for they could have been pro¬ 
duced only by violent impact of the diaphragm with the inner disk 
following tremendous acceleration across the clearance of only a few 
thousandths of an inch. Although the backing pressure of 165 
lb/in. 2 might produce such an acceleration if the pressure on the 
explosion side were very low, it would be entirely inadequate to pro¬ 
duce the observed deformations in the absence of violent impact. 

With the same indicator and passage, a diaphragm was subjected 
to the low backing pressure of 1 lb/in. 2 and removed after a single 
explosion (diaphragm B , fig. 6). As expected, it shows the effect of 
the violent explosion within the clearance, being more deeply deformed 
by the outer backing disk and by the electrode than was diaphragm A , 
because of the better opportunity for compression of gas into the 
clearance space. Diaphragm B shows deformation into only the outer 
backing plate and has a different general appearance from diaphragm 
A , demonstrating that the character of the explosion in the clearance 
is affected by the backing pressure. 
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Figure 7. —General view of spherical bomb and accessories. 

A, the bomb; B, a pressure indicator; C, the window slit; D. the camera; E, the neon lamps; and F, the 

electric tachometer 
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Detailed conclusions from the foregoing experiments with indicators 
„^ 1 soft ' diaphragms are given at the end of this paper. However, 
all of the results obtained with passages and inner backing disks show 
that such restrictions are undesirable in an indicator designed for 
highest accuracy. Hence the diaphragms of the indicators which 
were finally evolved for studies of the burning process were directly 
exposed, over their entire effective area, to the explosive mixture. 

Since the spherical bomb which was built for the combustion 
studies became available at this stage in the development, it was 
used for a further examination of the characteristics of the indicators 
because it accommodated six of these instead of two. 

III. EXPERIMENTS WITH INDICATORS ON A SPHERICAL 

BOMB 

1. APPARATUS 

The spherical bomb and accessory apparatus, as illustrated in 
figure 7, have already been described in the paper referred to in foot¬ 
note 1. Briefly, the bomb was a 10-in. sphere having central ignition, 
a window through which the progress of the flame could be photo¬ 
graphed, and six openings through which the pressure indicators could 
be attached. 

The details of a pressure indicator and its recording circuit are shown 
in figure 8. The spring-steel diaphragm, D, is clamped between the 
two brass body parts, C x and C 2 , through the right-| and left-hand 
threaded band, B. The electrode, E } is threaded (y 4 in.,*'48) through 
the lower part of the gland, G, and sealed against leaks by paraffined 
leather packing, P , above the thread. Gland G , and hence also the 
electrode, is insulated from the remainder of the indicator by the mica 
washers, M and an air space. That part of the electrode above the 
packing is threaded to accommodate the lock nut, N, which insures 
against accidental movement of the electrode between setting and 
firing, and the bakelite wheel, W, which is divided into 120 equal 
parts at its circumference to provide for measuring the sensitivity 
of the indicator. The stainless-steel contact, F, on the lower end of the 
electrode is slightly conical, with the vertex of the cone toward the 
center of the diaphragm. This contact serves to support the dia¬ 
phragm over most of its area after the contact is made and to remove 
heat after the arrival of the flame. The ring, P, behind the diaphragm 
fixes the effective diameter. The pressure in the space behind the 
diaphragm could be controlled through the tube, T. All parts are 
made of brass except those already specified. 

Each indicator is attached to the bomb by eight stud bolts which 
pass through holes, H, in the indicator. By means of appropriate 
steel sleeves, S, the force holding the indicator against the bomb is 
applied to body part C x only. Undesirable distortions of other parts 
of the indicators are thus avoided. The seal to the bomb is made bv 

placing a thin casket of soft aluminum between a flat surface on tho 
bomb and the V-shaped bead on C\. 

When the indicators were assembled at room temperature the 
thinner diaphragms were seldom flat. It was found that this wrin- 
klmg could be avoided by introducing a high initial radial tension in 
the diaphragm To provide such tension, the indicators, while 
assembled loosely, were surrounded with dry ice. With the body of 
the indicator thus cooled, the flat end of a metal cylinder heated to 
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Figure 8.—Indicator and wiring diagram for neon lamps used with the spherical bomb. 
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the melting point of tin was held firmly against the exposed face of 
the diaphragm, the baud was tightened, and the hot diaphragm was 

s C S e st“V he ?° d br f SS ,‘ Upon returning to room tempTratu™, The 
s P ri ng steel cooled and shrank, while its clamping rings warmed and 
expanded, leaving the diaphragm taut and flat. Some slippage of the 
steel relative to the brass is thought to have occurred; since the 
sensitivities of indicators with identical diaphragms were so nearly 

TiirT C n r / US tr tf ment ’ althou g h the temperatures of the parts at 
the tune of assembly were not closely controlled. 1 

instant a flt ai ^ldpi en ^ US( !? ^ obtainin S a photographic record of the 

electrode is also shown m figure 8. Briefly, contact between dia- 
vacuum tube fsAsTe T . removes tbe negative bias on the grid of a 

of lcat °K contact > . no difficulties with fouling or pittinf 

ot the contact have been experienced. * ” 

whicfrTflTcTs illn^T^T 15 sh f incs throu S b a Pinhole onto a mirror 
wmcn reUects it into the lens of a camera. It is focused thronp-h n 

revofv^^The 2 oHem Tff 0 wh "® a line image is left as the film 

whirh ^' Shows when the explosion pressure has reached the value for 
which the indicator was set under static conditions. 

2. PROCEDURE 

The main steps in the procedure during these test experiments 
which were the same as those followed in the nonnalrecording of an 

was°controlle<1°at° fh f °J!°T, S ' The tcm Perature of the bomb 

s controlled at Zo C, the backing pressure was adin<?fpd 

ad ml t tP ff Were Set ’ the bomb was evacuated, explosive mixture was 
dmitted to a pressure of 1 atmosphere, and the charge was fired unon 

of these experiments was to determine comparative effects of vanons 
reco S rd rU t C h 10nal dlfferences . am ong the indicators, all sk were set to 

3. temperature of the indicators 
ringsTs greaterThanThat ott^SeeldiaKgls^the 15 ^ d t amping 

carefully regulated. In most of thp ^ was usec * was 

ature of the bomb was within i 0 1 ° Tf ^ cTTnd ^ the temper ' 
perature between sotting the indicator «nrl i; ! 1 cha , n g° s in te m- 

certainly would have arisen in its 1 absend 7 ehmmated errors whicl ‘ 
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4. LAG IN THE RECORDING SYSTEM 

The lag in the neon-lamp circuits was determined by photographing 
the firing spark and the neon lights when electrical leakage from the 
former was allowed to trigger the lamp circuits. All of the lamps 
lighted within 13 microseconds after the first spark. On the explosion 
records this time interval represents, on the average, a distance of 
only 0.1 mm, which is also the limit of precision in the measured 
distances on the film. The time lag in the electric circuits for the 
indicators may, therefore, be justly neglected. When only an inter- 
comparison of the indicators is sought, such lag is of even less conse¬ 
quence, since its variation for the six independent lamp circuits is 
only a fraction of the 13 microseconds. 

5. PITTING AT THE CONTACT BETWEEN DIAPHRAGM AND 

ELECTRODE 

Experience has shown that, for the particular electric circuits 
employed, the electric contact between the blued-steel diaphragm and 
the stainless-steel electrode is highly reproducible. Pits at the point 
of contact do become visible after continued use, but these are formed 
at a negligible rate. 

In the use of the indicators, it was found desirable to rotate the 
electrode in contact with the diaphragm prior to talcing each measure¬ 
ment. Such a procedure may have moved aside some tiny particles 
which, .if let alone, might have decreased the reproducibility of 
the contact. 

Another seemingly desirable, but possibly unnecessary, precaution 
against pitting was taken by opening the lamp circuits externally, 
instead of at the diaphragm, after they had been closed by the 
application of static pressure. 

6. INERTIA OF THE DIAPHRAGM 

Perhaps the most obvious and troublesome source of possible error 
arises from the fact that, for a given pressure difference, the position 
of the diaphragm will vary with the rate at which pressure is applied. 
In other words, when the diaphragm is subjected to a rapidly rising 
pressure, some small part of this pressure is required to impart motion 
to the diaphr agm, and it is therefore deflected less than it would be 
if an identical but constant pressure difference were maintained on 
its two sides. Thus, when the position of the diaphragm is used as 
an index of this pressure difference, and when the indicator is cali¬ 
brated or set with an essentially static pressure, it should not be 
assumed without further verification that, at the instant the same 
position is attained during a rapid rise in pressure, the instantaneous 
value of the rising pressure is identical with the static pressure at 
which the indicator was set to record. It will be shown, however, 
that this assumption can be justified for an indicator properly designed 
for a specific purpose, or more specifically that the error from this 
source, which is hereafter termed briefly the inertia of the diaphragm, 
can be reduced to a value within the allowable tolerance. 

Obviously, if it is desired to measure pressures to the nearest 0.1 
mm Hg, this increment of pressure must change the position of the 
center of the diaphragm by a detectable amount. In other words, 
the assignment of an arbitrarily chosen tolerance in pressure at once 
determines the minimum usable sensitivity of the diaphragm and the 
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device used for determining its position. The term “sensitivity” is 
used to denote the deflection per unit pressure difference, which is 
the slope of the experimental pressure-deflection curve. 

It is also apparent that the error due to inertia of the diaphragm 
can be reduced by decreasing its effective mass and its sensitivity. 
However, if the mass is made less by using a thinner diaphragm, the 
effective diameter must also be decreased to avoid an increase in 
sensitivity. The sensitivity of a diaphragm of a given thickness and 

tension 6 diameter can be further reduced by the introduction of radial 

is , con cl u ded that the less the effective mass and diameter 

the same position when an identical pressure difference is applied 
tics is a fix y ed a hv practi . cal limit t0 these characteris- 

tfJhtoS S ' F pre f u F es ' t0 adopt that compromise between sensi- 
tivity and inertia which seems most satisfactory for the intended 

specific application of the instrument. To satisfy this requirement 
iY 2°r r x he mdlcator as a whole must have the follow- 

ness of the diaphragm must not be reduced to a value which allows 
permanent deformation under the service conditions. (2) The sensi- 

1^ y tli e O/Ccur ac * 11 ti * 1 , a minimum value determined 

oy the accuracy with which pressures are to be measured (S') Tim 

sensitivity of the diaphragm must be reduced as far as possible to 
m T? Yfr h?^ mertla tn CI T 0r i u kept within the allowable tolerance. 

and J e V1n n (T fit Y ' V1 , th s P nn g-steel diaphragms 0.002 in. thick 

do satisfy these requirements to a degree which permits the me TS 

mm IIP sShT' ? rcssures Wlth an accuracy of a few tenths of 1 
mm tig. buck high accuracy in the observed values of pressure is 

values* 1 ^' the 7 m i th ° 1 'y s - tages of thc explosions, P if reliable 

values of the burning characteristics are to be derived from the 

is U fortunate That ^£ ressure and time-displacement records. It 

E2fc££ ScSL b gg“£|h proc ' ss - wt “ th » ot ri “ » 

densYtWnYh?^ 7 materials available in thin sheets are somewhat less 

varying in thickness from 0.001 in. u^ S^SrL^SS^ t 

7. EFFECTS OF DIAPHRAGM DIMENSIONS 

Sd SMrKi sn 

severely distorted by the flames and h«d U Y dla Phi'agms were rather 
limited number „ f 
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was highly desirable to use thicker diaphragms, if it were at all 
practicable. 

Wrinkling of the diaphragms could be avoided by the process of 
assembly when the thickness was 0.002 in., and was practically non¬ 
existent for still thicker disks. When the 0.002-in. diaphragms were 
supported and cooled by the electrode during the period of exposure 
to flame, the distortion also became a negligible factor and it was not 



Figure 9. — Pressure-deflection curves for diaphragms of different dimensions . 


necessary to replace a single diaphragm over a period of several 
months of regular use. 

Having proved the ability of the 0.002-in. diaphragms to withstand 
the service conditions, it became necessary to determine the minimum 
diameter which such a disk could have and still be adequately sensitive 
to a pressure difference of 0.1 mm Hg. For this purpose a number of 
curves, of which those shown in figure 9 are typical, were obtained. 
Here the relations between static pressure difference and amount of 
deflection are plotted for diaphragms of three different thicknesses 
and two different diameters. The slopes of these curves are the 
sensitivities of the diaphragms. In each case there was present an 
unknown amount of initial tension, believed to be limited by frictional 
resistance to slippage between the steel disk and its brass clamping 

rings. ...... 

Since it was planned to set the indicators by application of static 
pressure prior to each explosion, it was not necessary that the dia¬ 
phragm should deflect in direct proportion to pressure. In fact, as 
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already pointed out, a decreasing sensitivity with increasing pressure 
was quite permissible. 

The sensitivity of the 0.002- by *%rin. diaphragm was sufficiently 
great to permit ready detection of pressure changes of 0.1 mm Hg 
over the entire range shown in figure 9. The samo was, of course 
true for all values of diameter greater than in. However, when 
the diameter was made less than this, it was no longer possible to 
make successive readings of static pressure for a given indicator 
setting which were consistently within ±0.1 mm Hg of the mean 
nor could this precision be attained with the 0.004- by 1-in. diaphragm, 
ihus, from the standpoint of sensitivity and ability to withstand 'the 
service conditions, the limits 0.002 by % in. seemed to represent the 
practical minima to which these dimensions could be reduced 

it may at first seem doubtful, as it did to the authors, that the 
simple mechanism of the threaded electrodes could be used to measure 



the positions of the diaphragms under static pressure differences with 
the necessary accuracy, and that the position assumed by the dia¬ 
phragm^ under successive applications of the same static pressure 
would be reproducible within the samo small tolerance. Such fears 
however, have been proved groundless by many data of the tvne 

tu figUre • °' c Thls figurc is essentially a highly magnified 
deflection data for a limited pressure range and for one indicator 

£= zrs sks: fcgys-sa* tau.VbSs* 

sp£e evacuated CirCleS repreS ° nt three Vibrations with’this' 

. ^c indicating wheel on the electrode stem was divide 
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by more than this amount from i 
belief that the errors in determining 
within this tolerance. 


a smooth curve strengthens the 
; diaphragm position were usually 


i ^ * s Relieved that uncertainties which might have arisen from back- 
lash were avoided by careful lapping of the threads and by the packing 
through which the stem of the electrode passed. This packing, 
which consisted of washers of leather impregnated with paraffin, was 
always under considerable hydrostatic pressure and hence offered a 
co ^kant frictional resistance to all movements of the stem. 

The data of figure 10, as well as those of many similar charts for 

other indicators at other parts of the pressure curve, also show that 

the performance of the diaphragm is not altered appreciably by 

successive exposures to flame. Experience shows that such repro- 

ducibihty cannot be expected unless the diaphragms are in good 

thermal contact with a body of relatively high heat capacity (in the 

present case the slightly tapered electrode, with an area nearly as 

great as that of the diaphragm) at the time when there is direct 

contact with the flame, but subsequent to the desired functioning of 
the indicator. 


8. EFFECTS OF RADIAL TENSION IN THE DIAPHRAGMS 

. concluded that the 0.002- by %-in. diaphragms, mounted 

in the indicators as described, performed satisfactorily under static 
conditions, it remained to be shown that the difference in position 
assumed by such diaphragms under static and dynamic conditions 
was not greater than could be tolerated. 

Since the sensitivities of like diaphragms varied only slightly, the 
tension mtroduced in the flat diaphragms by the process of assembly 
must have been nearly uniform for all indicators. However, since 
the amount of deflection of the diaphragms was not directly propor¬ 
tional to pressure, and since the pressure in the backing space could 
be varied at will, an opportunity for studying the effect of sensi¬ 
tivity upon the performance of the indicators when subjected to 
rapidly rising pressure was provided. Thus, if the backing space 
was evacuated, the diaphragm had a large amount of initial deflection 
and was least sensitive. If the backing space was open to the atmos¬ 
phere, the sensitivity to the same pressure change was increased. If 
a balancing pressure was maintained in the backing space, the dia¬ 
phragm made contact with the electrode at the neutral or undeflected 
position of the former, which is the condition for maximum sensitivity. 
The results presented in figures 11 and 12 are typical of the way in 
which the sensitivity of the diaphragm influences its performance 
under the conditions prevailing during an explosion. 

The results shown in figure 11 were obtained with five different 
indicators, each set to record when the pressure had increased by 
69.00 cm Hg during five successive explosions. Prior to each of the 
five explosions the sensitivities at Ap= 69.00 cm Hg were determined 
from plots of the observations similar to figure 10. For 12 of the 25 
recorded values of pressure the backing space was evacuated, and 
for the other 13 the known pressure of the atmosphere was admitted 
to this space. As shown in the figure, the average sensitivity in the 
former set was approximately half as great as that in the latter. 
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. ^ r ^ was used with atmospheric backing pressure 

in all five explosions, and the pressure record from this indicator 
served in each case as a purely arbitrary zero of time, from which 
differences in the time of recording of the other indicators were 
measured. The deviations of those indicators recording after the 
reference indicator are arbitrarily called positive in figure 11. 



Two conclusions of importance are apparent from this future 
Inrst, the effect of changing the sensitivity by a factor of nfarly 
2 is so slight that it is entirely obscured by the accidental spread of 

thanTn miVrrf eCOnd i’ ac ° lde ? tal deviation from the mean is less 

f i, dlSta ” Ce c Up0n th - e actuaI explosion records. In fact, the 
spread shown in figure 11 is of the same order of magnitude as that 

previously observed in the earlier measurements of the time lag of the 

space evacuated or having it open to the atmosphere. ® Practically® 

pressure in the backing spaces. y constant 

The results presented in figure 12 show the comparative effects of 

orTat at ft* by evacuation «>f the backifg space 

before ^heVnnf °^ tained 7 lth a preliminary form of indicators and 

though some spread m the observations was doubtless produced hv 
small changes in temperature, nevertheless the resits EshIon 
vinci^ evidence in favor of using low pressure in the backing space 
t>, Tbe sens ! fcl XJ ties °f the indicators whose results are represented hv 

Sr es :° eie,,t ^ 
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oSensitivity= 70 Micro inches per Cm Hg , BP - 0 
x (1,2) Sensitivity = 290 M icroinches per Cm Hg 
x(3)5cnsitivity 3 570 Microinches per Cm Hg 



FidjRE 12. ^ ie comparatively large time lags in the recording of the indicators , as 
produced when the sensitivities were increased from four to eight times by employing 
balancing pressures. 
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Figure 13. — The effects of absorbed radiant energy upon the time of recording of the 

indicators. 
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9. EFFECTS OF SURFACE CONDITION OF THE DIAPHRAGMS 

In order to observe the effects of the absorption of radiant energy 

during the combustion period upon the performance of the indicator 

the inner surfaces of two of the diaphragms were painted with optical 

black, two were polished, and the other two were left with blued 
linish. 

The results obtained in seven different explosions, all six indicators 

being set to record the same pressure in each, are shown in figure 13. 

\\ ithout exception the diaphragms whose surfaces were painted 

black recorded earlier by about 40 microseconds on the average. 

However, there is no consistent difference in the time of recording of 

the blued and polished diaphragms. It is therefore concluded that 

the blued surface is as satisfactory as the polished one from the 

standpoint of absorption, and it is preferable because it does not rust 
so readily. 


10. EFFECTS OF PROJECTIONS INTO THE BOMB AROUND 

THE DIAPHRAGMS 

During the evolution of the indicators toward the final form shown 

• n i• 0r \ e se ^ ^ese was built with steel bodies and with 0 002- 

m.-thick diaphragms soldered directly to the bodies. In the neutral 




Figuhe U.—Effects of projections around the diaphragm upon the time of recording. 


w^tWlk n °K ° l ^ the soldercd diaphragms was entirely flat. However 
with the backing spaces evacuated the indicator operated falrlv 

“""■j 1 ° temperature Those instruments!%“vi£g eo nroiec’Cs 
stud“4Kff«rof such 'projections "Sd “ ITT'** 
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With all indicators set to record the same pressure, with the backing 
spaces evacuated, and with an initial pressure (p 0 ) of 76.00 cm Hg, 
the results obtained for an observed rise in pressure of 75.50 and of 
26.25 cm Hg are shown in the two strips of figure 14. In both cases 
the values of time, as shown, are reckoned from an arbitrary zero to 
avoid the use of the large numbers which would be necessary if the 
instant of firing were taken as the zero. The numbers of the observed 
points correspond to those assigned above to the projections. Indi¬ 
cator 1 failed to record in the run at 26.25 cm Hg for some unknown 
reason. 

An examination of the results presented in figure 14 shows a random 
distribution of the observations made with the projections, about 
those of the indicator having none. Likewise, there is apparent no 
progressive effect of increasing the length of the cylindrical projec¬ 
tions—that is, the indicator having the longest projection (No. 2) 
records, in both cases, at a time intermediate between those having 
shorter projections (Nos. 5 and 6). It was therefore concluded that 
the effects of the projections tried were less than the accidental 
spread of the observations, and that such effects could be neglected, 
at least for the early stages of the burning, during which the most 
accurate measurement of pressures was required. Projections having 
the same dimensions as No. 5 of figure 14, were used on the final 
indicators. 

11. ACCURACY OF THE OBSERVED PRESSURES 

After devoting considerable attention to possible sources of error, 
both accidental and systematic, in the measured values of pressures 
developed during explosions, it still seems unwise to quote a probable 
error for a single observation, since too much personal judgment would 
be involved. On the other hand, the authors are at present aware of 
no modifications of the indicators shown in figure 8, or of the technique 
employed in their use, by which the accuracy of the measured pressures 
could be further improved, so far as the application for which they 
were designed is concerned. 

In the evolution of the time-pressure curve for a given explosive 
mixture, the accidental errors in the observed pressures may be 
eliminated, to a considerable extent, by the smoothing process. Thus 
it is felt that there is small chance that the final pressure relations 
deviate from the true values by more than a few tenths of a mm Hg 
at any stage of the burning for which results have been published 
(footnote 1). 

IV. CONCLUSION 

As a result of many test experiments, an indicator has been devel¬ 
oped for the accurate measurement of the rise in pressure produced 
by the normal burning of a gaseous explosive mixture in a bomb. 
The following conclusions, which may prove useful in designing indi¬ 
cators for other specific purposes, have been drawn from studies ol 
the performance of special types of indicators used in the presen 
development work and of the indicators finally evolved for use with 
a spherical bomb. Although some of these conclusions are not 
original, all are supported by the experimental evidence that nas 

been presented. 
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Any constriction between the explosion chamber and the diaphragm 
of a pressure indicator should be avoided when high accuracy is re¬ 
quired, particularly when fast-burning mixtures are exploded. The 
compressed gases should have unimpeded access to the diaphragm 
which for best results should form a part of the combustion chamber 
wall. If restrictions are unavoidable, they should, 1 present minimum 
resistance to gas flow thatjis, passages should be large and short 
and backmg plates should be 4 thin>nd„well j perforated. The volume 
at the end .of any passage should.also.be reduced to a minimum 
The error due to a passage increases with the rate of rise in pressure 
and hence also as the burumg progresses. The error due to a thin’ 
well-perforated backmg plate is likely to be negligible for most pur¬ 
poses during the period of normal burning. 

For explosive mixtures which tend to detonate or to burn with 
extreme rapidity, the presence of a restriction between the combus¬ 
tion chamber and the diaphragm is apt to cause abnormally high and 
perhaps destructive, local pressures at the diaphragm. Such local 
pressures may exceed the maximum attained in the combustion 
chamber proper, and the indicated pressures may not applv at all 
to this chamber Although the diaphragm cannot be relied upon to 
indicate these abnormally high pressures accurately, a qualitative 
idea of their magnitude may be obtained by observing the deformation 
produced in relatively soft diaphragms. 

An indicator capable of yielding values of pressure, with an accu¬ 
racy of a few tenths of 1 mm Hg, during normal explosions, should 
have the following characteristics: The diaphragm should not be 
permanently deformed under the service conditions. The sensitivitv 
to pressure difference must exceed a minimum value determined bv 
the accuracy with which the pressures are to be measured The 
sensitivity of the diaphragm must be reduced as far as possible to 
insure that the inertia error is kept within the allowable tolerance. 
Ihe piessure indicators described, when fitted with spring-steel dia- 

phragms 0-002 in. thick and % in. in effective diameter, under high 
initial radial tension, satisfy the above requirements. 

The results of a series of tests designed to^evaluate the pressure 
error which might be expected from various sources in the use of 
such an indicator may be summarized as follows: (a) The time la^ 

an impulse from an 

indicator into a signal which could be photographed is greater than 

LL Dlai5hragms unc J er h'gh radial tension respond more rapidlv to 
anges in pressure than those without such tension. In other words 

tivit v S C oio r bi iaymg tU ia ? hragm v° f identical thickness and sensi- 
tWu| lt U i? th f e , rror ^ 111 the measurement of distance on the film \)n 

energy. ( e ) Various annular projections into the bomb around the 
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diaphragms produce no systematic effects which can be distinguished 
from the accidental spread of the observations, (f) Thinner dia¬ 
phragms than would otherwise be practicable may be used if the 
electrode is large so that it supports the diaphragm after contact is 
made and removes heat after the arrival of flame, (g) The indicators 
are sensitive to changes in temperature, but when these are avoided, 
contact is made within 0.1 mm Hg of the same static pressure upon 
repeated trials. 

It seems probable that the effects of accidental errors in the single 
observations can be decreased to some extent by smoothing operations 
applied to the data. Among the systematic errors, that resulting 
from inertia of the diaphragms is probably in the direction of low 
observed pressures, and that due to lag in the recording circuits is 
certainly in this same direction. However, that resulting from the 
absorption of radiant energy by the diaphragms is in the opposite 
direction. All things considered, it is felt that there is small chance 
that the final, smoothed pressure relations deviate from the true 
values by more than a few tenths of 1 mm Hg at any stage of the 
burning for which results have been published. 


This work was conducted with the advice and financial assistance of 
the National Advisory Committee for Aeronautics. 

Washington, August 2, 1940. 
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ACTION OF ALMOND EMULSIN ON THE PHENYL GLY¬ 
COSIDES OF SYNTHETIC SUGARS AND ON p-THIO- 
PHENYL </-GLUCOSIDE 

By William Ward Pigman 


abstract 

The action of enzymes of almond emulsin on the phenyl glycosides of a number 
01 sugars which are not naturally occurring has been investigated. The sugars 
used were synthetic heptoses (d-a-mannoheptose and d-a-glucoheptose) and 
a-talose. I he results obtained indicate that almond emulsin does not hydrolyze 
a 1 glycosides but instead only the glycosides of naturally occurring sugars or of 
sugars which may be considered to be derived from these sugars by a simple sub- 
stitutmn outside of the pyranose ring. In the ordinary glucoside the two parts 

through an oxygen atom. It has now been found that the substitu- 
+w thlS °^ y L gen by sulfur atom reduces the hydrolytic action to such an extent 
tnat it cannot be readily measured. An explanation for this effect is given. 
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I. “SUGAR SPECIFICITY” OF THE GLYCOSIDASES 1 

. 4 n explanation of the specificity to be expected of the glycoside 
ydrolyzmg enzymes has been given previously. 2 The fundamental 

and C / eP formI°nfTi 13 ^ i? ach . of the alpha and beta isomers and d 

mannosides, talosides, gulosides, idosides, altrosides, aifd allosidesl 
rmffconfnrm e r al enz J m ®'- , How ever, glycosides which have the same 

ne of the basic hexose types by a substitution in the aglucon eroun 
or for the CH 2 OH group will ordinarily be hvdrolv/edUX, 4 P 
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vSince the heptosides may be considered as being derived from the 
hexosides 3 by replacement of a CH 2 OH group with a CHOH-CH 2 OH 
group, the phenyl glycosides of (Z-a-mannoheptose ((Z-galactose type) 
and (Z-a-glucoheptose (Z-gulose type) were prepared 4 and their hydrolyz- 
ability by almond emulsin (“Rohferment” of Helferich) was de¬ 
termined. The inclusion of a-phenyl cZ-taloside in the study provided 
a new hexose type. The results are summarized in table 1. 

Table 1. — Action of almond emulsin on phenyl glycosides 


Glycoside 

Enzyme Effi¬ 
ciency (E. E.) 

/3-Phenyl d-a-mannoheptoside__ 

a-Phenyl d-a-mannoheptoside.. 

/3-Phenyl d-a-glucoheptoside. 

a-Phenyl d-a-glucoheptoside. 

a-Phenyl d-taloside___ 

22X10-5 
“0.3X10-5 
“ 0.3X10-5 
“ 0.3X10-5 
“ 0.8X10-5 


“Maximum value. No hydrolysis observed. 


The /3-phenyl cZ-a-mannoheptoside contains the / 3 -cZ-galactose ring 
and differs from /3-phenyl cZ-galactoside in having a CHOH-CH 2 OH 
group attached to the fifth ring carbon instead of a CH 2 OH group. 
For phenyl Z-arabinoside, the CH 2 OH group is replaced by hydrogen. 
Both /3-phenyl (Z-galactoside and phenyl Z-arabinoside are readily 
hydrolyzed by the enzymes in almond emulsin . 6 According to the 
specificity concept outlined above, the hydrolysis of the heptoside is 
readily understood and the enzyme responsible for the hydrolysis of 
the three glycosides is /3-galactosidase. In the earlier publication and 
before these measurements were made, these results were semiquan- 
titatively predicted (see footnote 2 ) in the statement that the hepto¬ 
sides would be more slowly hydrolyzed than the corresponding hexo¬ 
sides. This also agrees with the results of Helferich, Grimier, and 
Gniichtel , 6 who found that the rate of splitting of the 6 -substituted 
beta glucosides is a function of the size of the group substituted. 

The a-phenyl cZ-galactoside is also hydrolyzed by almond emulsin 
(“Rohferment”), but the /3-galactosidase activity (for splitting beta 
galactosides) is 6 to 10 times that of the a-galactosidase for substrates 
with the same aglucon groups . 7 The negative result obtained^for 
the hydrolysis of a-phenyl cZ-a-mannoheptoside, which may 
considered to be formally derived from a-phenyl d-galactoside by tn 0 
replacement of the primary alcohol group by CHOH-CH 2 OH, Vindi¬ 
cates that the influence of the increase in the size of the group attacne 
to carbon 6 is more than 10 times as great for a-galactosidase as io 
the / 3 -glucosidase. If the replacement of a hydrogen of the 
alcoholic group of a-phenyl d-galactoside by a CH 2 OH group had 
same effect on a-galactosidase action as it does on 0 -galactosi a 
action, the E. E. value (“Enzyme Efficiency” or “Wertigkeit ) mr 
a-phenyl eZ-a-mannoheptoside would be about 2X10 . Since ^ 
observed E. E. is not greater than 0.3 X10" 6 , the influence of the sub¬ 
stitution is greater for the a-galactosidase than for the / 3 -galactosi 

» H. S. Isbell. J. Research NBS 18, 505 (1937) RP990. 

< W. W. Pigman and H. S. Isbell. Work not yet published. 

8 B. Helferich, Ergeb. Enzymforsch. 7, 83 (1938). or ✓mo-rv 

* B. Helferich, S. Griinler, and A. Gniichtel, Z. physiol. Chem. 248, 85 (1937). M 932 );W. W. 

7 B. Helferich, S. Winkler, R. Gootz, O. Peters, and E. Giinther, Z. physiol. Chem. Z0S, 91 vvw, 

Pigman, Z. physiol. Chem. 261, 82 (1939). 
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Action of Enzymes on Glycosides 

The action of the almond emulsin on a number of methyl hepto- 
sides has been reported previously. 8 It was found that no appreciable 
action of almond emulsin could be detected on the alpha and beta 
methyl glycosides of the following sugars: d-gulose, d-a-glucoheptose, 
d-lyxose and d-a-galaheptose (alpha isomer only). It was empha¬ 
sized at that time that the phenyl glycosides are much better materials 
for such measurements than the methyl glycosides and that, particu¬ 
larly for the methyl lyxosides, the results were indecisive. A repeti¬ 
tion of the work, using the phenyl derivatives, was indicated as being 
important. This was done for the a-phenyl cZ-lyxoside, and the 
results showed a positive action by the almond emulsin, the enzyme 
responsible being most probably a-mannosidase (see footnote 2). In 
the present paper the results obtained for the methyl d-a-glucoliepto- 
sides have been confirmed by the use of the phenyl glycosides. The 
values given in the table indicate that these glycosides can with 
reasonable certainty be classified as unhydrolyzable (E. E. <10~ 6 ). 
As shown in table 2 (see Experimental Details) no detectable liydrol- 

. • y in spite of the use of high enzyme concentra¬ 

tions and extended reaction periods. 

The a-phenyl d-taloside differs from the a-phenyl <Z-mannoside 

?i n y the coni ig uration the second carbon atom of the ring. Al¬ 
though the latter substance is very easily hydrolyzed by almond 

emulsin (E. E. = 14,000X10- 5 ),° the taloside is not appreciably 
hydrolyzed and the maximum value for the enzyme efficiency (E E ) 
is 0.8X10 5 , or less than 1/14,000th of that for the mannoside. 


II. /3-THIOPHENYL cf-GLUCOSIDE 

As a result of the cooperation of C. S. Hudson and C. B. Purves 
it has been possible to study the action of the sweet-almond emulsin 
on p-thiophenyl d-glucoside. This substance differs from /3-phenyl 

I ery easily hydrolyzable substance with an E. E. value 
of 33,000X10 5 ), only m that the glucosidic linkage is through a sulfur 
rather than through an oxygen atom. A previous study 10 of the ac¬ 
tion of almond emulsin yielded negative results, but as the enzyme 

v m^i ratl ° n i n ?i W avadabIe 1S ver y much more active than those pre- 
viouslv used, the earlier results could not be considered as conclusive 

dit ons^°ii d f 0eS + u 0t react q uant itatively with iodine under the con- 
u f ed f ?r the measurement of the enzymatic hydrolysis of the 
h . , y glycosides, and therefore the usual iodometric method could 

rcacfior?n Pl ° y , ed - InStead > the optical rotations before and after the 

P ? S ^° w that if any hydrolysis takes place it is too small 

^ b y. th « “' th » d "»«! an,I a ™lue f„r tha 

° T£ °- 

aasTuiSuSTs ss, 

leguS 81, ° f ‘ hS “ J 'r<ltoiyn,M e class. Additional mvStgSion k 
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It is desirable, however, to explain this great difference in the 
enzymatic hydrolysis of the oxygen and sulfur glucosidic linkages. 
According to the classical conception of the mechanism of action of 
the carbohydrases, the substrate is adsorbed by the enzyme or forms 
an intermediate compound with the enzyme. The adsorption com¬ 
plex or intermediate compound upon decomposition yields the prod¬ 
ucts of hydrolysis and the enzyme. The change in the glucosidic 
bridge from an oxygen to a sulfur atom could then affect (1) the for¬ 
mation of the enzyme-substrate intermediate or (2) the splitting of 
the glycoside. Since all the groups in the thiophenyl and phenyl 
(/-glucosides are the same except the atom connecting the sugar and 
benzene residues, it is unlikely that the formation of the enzyme sub¬ 
strate intermediate would be greatly affected unless the bridge atom 
itself is directly involved in the formation of the complex. The results 
obtained with the phenyl and thiophenyl (/-glucosides might be inter¬ 
preted in favor of a bonding of the bridge atom of the glucoside to 
the enzyme, a mechanism which has been suggested by Josephson. 11 
However, another possible basis for this great difference in the en¬ 
zymatic hydrolyzability may lie in the ^effect of the splitting of the 
glucoside while it is a part of the enzyme-substrate "complex. As 
shown by Purves, 12 /3-thiophenyl (/-glucoside is extremely resistant to 
acid hydrolysis; and under conditions which hydrolyze the disaccharide 
linkage of /3-thiophenyl lactoside with the liberation of galactose, the 
/3-thiophenyl glucoside, also formed, is unaffected. Although for most 
glucosides there is no simple correlation between the ease of acid and 
of enzymatic hydrolysis, 13 it seems probable that for the thiophenyl 
(/-glucoside this factor becomes important. The implications of this 
possibility to the mechanism of the splitting process will be discussed 
in a future publication. 

The measurements reported in this paper agree with the specificity 
theory previously described, but study of additional hexose types is 
desirable. The (/-mannose, (/-glucose, and (/-galactose types have 
been thoroughly investigated by Helferich and coworkers. The 
a-cZ-talose type has been studied in the present report, and the (/- 
gulose types, although they have been investigated (see footnote 8), 
require additional study. For one synthetic sugar at least, a complete 
investigation of the a- and /3-phenyl d- and Z-glycosides should be 
made. Since, according to the specificity concept previously ex¬ 
pressed, pentosidases may exist, the enzymatic hydrolysis of the 
phenyl (/-ribosides should be investigated. This sugar occurs in 
natural products, but the hexoses with similar ring conformations 
((Z-allose and Z-talose) 14 , as far as is now known, are not found in 
natural products. 

III. EXPERIMENTAL DETAILS 

1. PREPARATION OF SUBSTRATE SOLUTIONS 

The preparation and properties of the substrates are described in 
another place. 16 The particular samples of glycosides used for the 
present investigations were those for which the rotations have been 

» K. Josephson, Z. physiol. Chem. 147, 146 (1925). , ^ . . n * 

>* C. B. Purves, J. Am. Chem. Soc. 51, 3627 (1929); see also Fischer and Delbriick (footnote Hi). . 

is B. Helferich, H. Scheiber, R. Streeck, and F. Vorsatz, Liebigs Ann. Chem. 518, 211 (1935); Josepnsou 
(page 88 of reference in footnote 11); R. Kuhn and H. Sobotka, Z. physik. Chem. 109 , 65 (1924). 

i* H. 8. Isbell and W. W. Pigman, J. Research NBS 18, 141 (1937) RP969; H. S. Isbell, J. Research in no 
18, 505 (1937) RP990. 

is W. W. Pigman and H. S. Isbell. Work not yet published. 


Pig man] 


Action oj Enzymes on Glycosides 


201 


reported, except the /3-phenyl d-a-mannoheptoside, which contained 
about 5 percent of the alpha isomer ([a] ??=30.1). The /3-thiophenyl 
d-glucoside was a sample of the material made by C. B. Purves and 
was furnished by the courtesy of C. S. Hudson. The material had a 
specific rotation of [a] />°=69.9. 

The “ standard concentration” for the measurements made by 
Helferich and coworkers has been 40 mg of phenyl glucoside (an¬ 
hydrous) in 2 ml of approximately 0.2 N acetate buffer solution 
(pH 5.0 at 18° C). The concentration in the reaction mixture is 
0. 052 M. In the present work this or a molecularly equivalent con¬ 
centration was adhered to only for the /3-phenyl d-a-mannoheptoside 
and the /3-thiophenyl d-glucoside because of the low solubilities of 
the other compounds. For the a-phenyl d-a-mannoheptoside and 
a-phenyl d-a-glucoheptoside, 0.2235 g was dissolved in 25 ml of the 
buffer solution; and for the a-phenyl d-taloside and /3-phenyl d-a• 
glucoheptoside, 0.2000 g was dissolved in 25 ml of buffer solution. 


2. ENZYME SOLUTION 

A 2.5-g portion of sweet-almond emulsin (a sample of “Rohferment” 
furnished by the courtesy of B. Helferich 16 ) was triturated with 100 
ml of water and allowed to stand for 18 hours at 5° C. The super¬ 
natant solution was filtered through a thin layer of diatomaceous 
earth. The filtrate was the enzyme solution used. The residue 
which was obtained by evaporating 10 ml of this solution to constant 
weight in a vacuum desiccator over calcium chloride weighed 0.1782 g. 
The /3-glucosidase value was 1.02. 17 


3. HYDROLYSIS MEASUREMENTS 


(a) PHENYL GLYCOSIDES 


The extent of hydrolysis of the substrates was measured by deter¬ 
mination of the amount of sugar and phenol formed from the glycoside. 
This was done by measuring the amount of iodine which reacted in 
alkaline solution with an aliquot portion of the reaction mixture. It 
has been shown 18 that 1 mole of sugar and 1 mole of phenol react with 
8 equivalents of iodine (6 for the phenol and 2 for the sugar). The 
experimental conditions used are similar to those described by Cajori, 19 
except that potassium carbonate rather than sodium carbonate is used. 
The experimental details of the method of making the measurements 
will now be described. 

Method .—The substrate and enzyme solutions were placed in a 
thermostat maintained at 30° C. When the solutions had reached 
the bath temperature, 6 ml of the substrate solution was placed in a 
test tube and 3 ml of the enzyme solution was added. For the 
/3-phenyl d-a-mannoheptoside, 2 ml of substrate solution and 1 ml 
of enzyme solution were used. The solutions were mixed and the 
reaction mixture was kept at 30.1®±0.2° C for a measured time. The 
extent of hydrolysis was determined by pouring the contents of the 
test tube into a mixture of 7.5 ml of 15-percent potassium carbonate 
solution and 50 ml of 0.1 TV iodine solution (containing 4 percent of 
potassium iodide). The solution remaining in the test tube was 


;; |: wSSSiLJzJvS: z • physio1 - Chem - <1932) - 

I: A.“; J moTc'hcm. M, Bl < 7 , (19aj. PhySl ° l - *‘ 5 ’ 277 (1933) ' 
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washed into the iodine solution with 10 to 20 ml of water. After 30 
minutes, 30 ml of 3 N sulfuric acid was added to the reaction mix ture 
and the excess of iodine was titrated with 0.1 N sodium thiosulfate. 
The amounts of iodine used by the various glycosides are given in 
table 2. Blank experiments to determine the amount of iodine used 
up by the substrate and enzyme solutions alone were made on (1) a 
solution containing 6 ml of substrate solution and 3 ml of water, and 
(2) a solution containing 6 ml of buffer solution and 3 ml of enzyme 
solution (or 2 ml to 1 ml for the /3-phenyl d-a-mannoheptoside). 
The column in table 2 headed “iodine corrected” indicates the amount 
of iodine used by the products of hydrolysis of the glycosides. All 
experiments were carried out in the presence of toluene, which was 
used as an antiseptic. 

(b) /S-THIOPHENYL d-GLUCOSIDE 

The extent of hydrolysis was determined polarimetrically by meas¬ 
uring the rotation of a solution of the /3-thiophenyl glucoside in the 
presence of almond emulsin. Although ordinarily 0.2 g of potassium 
carbonate is added to stop the hydrolysis and to hasten the mutaro- 
tation reaction, this was not necessary in these experiments and no 
alkali was used. 

The reaction solution was prepared as described above by mixing 
2 ml of substrate solution and 1 ml of enzyme solution and then add¬ 
ing 8 drops of toluene. The stoppered test tubes were kept for 11 or 
18 days at 30.1° ±0.3° C. The solutions, which were cloudy and 
which had a strong odor of thiophenol, were filtered, placed in 1-dm 
tubes, and read at 20° C with a Bates saccharimeter. The corrected 
values given were obtained by subtracting from the observed rota¬ 
tion the rotation of a similar solution containing no thiophenyl gluco¬ 
side. The observed values are given in table 3. 


4. CALCULATION OF RESULTS 

The results of Josephson 20 and others 21 have shown that in the 
concentration range ordinarily employed, the velocity constants for 
the splitting of *a /3-glucoside by /3-glucosidase (at a constant initial 
glucoside concentration) are directly proportional to the enzyme con¬ 
centration. In order to compare the rates of splitting of various 
glycosides, the “Enzyme Efficiency” (E. E., or “Wertigkeit” of 
Helferich) is calculated according to the following formula: 22 


E. E. 


k 

g (log 2)’ 


where k= the velocity constant in minutes and decimal logarithms for 
0.052 M solution of substrate at 30° C and at pH=5.0, and ^=grams 
of enzyme in 50 ml of reaction solution. This formula is a modinca.- 
tion of the method suggested by Euler and Josephson 23 for the ex¬ 
pression of enzyme activity. For the comparison of various sub¬ 
strates, molecularly equivalent concentrations are used when pos¬ 
sible, although it has been pointed out that a better comparison for 
some purposes could be made by the use of equivalent concentrations 
of the enzyme-substrate compound. 24 


2° K. Josephson, Z. physiol. Chem. 147, 22 (1925). 

31 b. Helferich, unpublished results. 

33 B. Helferich and H. Appel, Z. physiol. Chem. 205, 231 (1932). 
w H. v. Euler and K. Josephson, Ber. deut. chem. Qes. 50, 1749 (1923). 
i* K. Josephson, Z. physiol. Chem. 147, 141 (1925). 
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Action of Enzymes on Glycosides 

When the solubilities of the substrates are too small for the usual 
concentration to be used, it is customary to measure salicin or a simi- 
lare well-studied glucoside at the same concentration and then to 
assume that the relative rates observed at the lower concentration 
hold as a first approximation at the higher concentrations. This is, 
however, objectionable if the substrate concentrations of both glyco¬ 
sides are not great enough to practically saturate the enzyme. 

Table 2. —Action of almond emulsion on phenyl glycosides 


[f = 30.1 ±0.3° C; 0.297 g of “Rohferment” in 50 ml of reaction mixture.] 


Time 

0.1 N 
iodine 
used 

0.1 N iodine 
used (cor¬ 
rected) 

Hydrolysis 

kX10 s 

E. E.X10 5 

/9-PHENYL d-a-MANNOHEPTOSIDE 

Minutes 

9,900 

18, 720 

18, 720 » 

18, 720 b 

ml 

6.08 

8. 53 

ml 

4.63 

7.08 
« (12. 50) 

Percent 

37.0 

56.6 

2. 03 

1.94 

22.7 

21.7 

1.32 

0.13 












a-PHENYL d-a-MANNOHEPTOSIDE 

■BH 

4. 40 

3.92 

+0. 26 
-0. 20 







® (14.99) 




3.94 

0.20 



d 0.3 








a-PHENYL d-TALOSIDE 

18, 6G0 

30, 240 

30, 240 “ 

30, 240 b 

5.20 

4. 97 

4-0. 94 
+0.71 
c (14.99) 




(4.8) 

0.07 

0.8 

3. 94 

0. 32 












a-PHENYL d-a-OLUCOHEPTOSIDE 

18, GG0 

30, 400 

00 

30,400 » 

30, 400 b 

5.13 

4. 39 

4-0.27 
-0.47 
® (14.99) 






dQ. 3 



3. 94 

0. 92 












0-PHENYL d-a-GLUCOHEPTOSIDE 

18,000 

30, 400 

CO 

30, 400 * 
30, 400 b 

4. 35 
4.04 

4-0. 05 
-0.26 
® (13. 42) 






d0.3 



3.94 

0. 30 









1 





• Enzyme blank. 
b Substrate blank. 

0 Calculated value for 100-percent hydrolysis. 

^Calculated for 1.9 percent hydrolysis. This would correspond to a corrected iodine consumption of 
0.25^0.30 ml. 
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Table 3. —Action of almond emulsion on p-thiophenyl glucoside 


Time 

Rotation 

(correted)* 

Maximum 

E. E.b 

Minutes 

0 

15,800 

25, 900 

CO 

°S 

-2.97 
-3.03 
-2.86 
« (1. 42) 

9X10-« 


• In 1-dm tubes; corrected for rotation of enzyme (—0.30). 
b Calculated for a decrease in rotation of 0.20 5 S. 

• Calculated for 100-percent hydrolysis. 
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ABSTRACT 

A study has been made of the base-binding capacity of cotton, using silver and 
calcium as the cations. Electrodialyzed dewaxed cotton was found to bind a maxi¬ 
mum of 0.065 milliequivalent per gram of either of these cations, and electro- 
dialyzed depectinized cotton only 0.010 milliequivalent. These values confirm 
previous estimates of the carboxyl contents of these samples, obtained by titration 
with acid. The identity of the base-binding capacities when monovalent and 
divalent ions are used is a strong indication that the binding of these ions results 
from an acid-base reaction rather than from some indefinite adsorption process. 
This conclusion was substantiated by esterifying the acidic groups of electro¬ 
dialyzed depectinized cotton with diazomethane, which thus reduced the base¬ 
binding capacity to nearly zero. 

It is shown that the maximum silver-binding capacity can be obtained only by 
the use of the silver salt of a very weak acid. When the salt of a strong acid is used, 
a sufficient number of hydrogen ions are in the solution to compete with the silver 
ions for the acidic groups of the fiber. 

The silver-binding capacities of electrodialyzed dewaxed and electrodialyzed 
depectinized cotton are greater than those of dewaxed and depectinized samples, 
respectively. This result is explained in terms of competition of silver ions with 
the cations already on the acidic groups of the fiber. 

The number of acidic groups in depectinized cotton is not altered by progressive 
treatment of the fiber with alkali, a fact which lends support to the tentative 
conclusion that the acidic groups in depectinized cotton are an integral part of the 
cellulose molecule. 
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I. INTRODUCTION 


Cotton and other naturally occurring cellulosic materials bind acid 
by an exchange process in which the hydrogen ions of the acid replace 
the cations associated with acidic groups of the fiber [1, 21. 2 Bv at>Dli- 
cation of this concept of ion-exchange to an investigation of the acidic 
properties of cotton, it has been possible to tentatively allocate the 
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acidic groups to the principal constituents of the fiber [2]. Thus, in 
mature cotton, most of these groups are part of the pectic substance; 
those not in the pectic substance are assumed to be part of the cellulose 
molecule. Considerable interest is attached to the latter assumption, 
especially since, if true, it might shed some light on the complex 
cellulose molecule. 

In order to further study the acidic properties of cotton, our earlier 
work has now been extended to include the direct estimation of the 
acidic groups in the fiber by titration with base, using both monovalent 
and divalent cations. 

II. EXPERIMENTAL PROCEDURE 

1. MATERIALS 

All the measurements were made on cotton from the same batch 
used in the earlier work [2]. The preparation of samples of “ dewaxed 
cotton” by extracting raw cotton with alcohol and of "depectinized 
cotton” by extracting dewaxed cotton with alkali has been described [2]. 

Some samples of dewaxed and of depectinized cotton were freed of 
their cationic ash by an electrodialytic procedure as follows: About 
75 g of cotton was wetted out with a 0.01 M solution of hydrochloric 
acid at room temperature, and then electrodialyzed in a large cell 
until the conductance of the liquid in contact with the fiber approached 
that of distilled water. Quantitative determinations showed that the 
cationic ash of these samples was less than 0.004 M-eq/g (milliequiva- 
lent per gram). These samples will henceforth be referred to as 
4 'electrodialyzed dewaxed” or "electrodialyzed depectinized” cotton. 

All samples were conditioned at 21° C and 65-percent relative hu¬ 
midity before weighing. The moisture contents of the fibers were 
determined by drying representative samples at 105° C for 2 hours 
in a vacuum oven. 

2. METHODS 

(a) DETERMINATION OF THE SILVER-BINDING CAPACITY 

Samples of cotton weighing about 5 g and containing a known 
amount of moisture were immersed in 100-ml portions of solutions of 
silver salts at 25° C. The amount of silver bound by the sample 
was determined by titration of 50-ml aliquots of the original solution, 
and of the solution in equilibrium with the sample, using the Volhard 
method [3], Preliminary measurements at several concentrations 
of silver ion indicated that equilibrium is attained in about 24 hours 

at 25° C. 

The solution of silver o-nitrophenolate used m some of the measure¬ 
ments was prepared by adding an excess of silver oxide to a solution 
of o-nitrophenol at 70° C, and then filtering off the undissolved 
material. The silver o-nitrophenolate solutions, were therelore 
saturated with respect to silver oxide. 

(b) DETERMINATION OF THE CALCIUM-BINDING CAPACITY 

The calcium-binding capacity was determined by the electrodialytic 
method previously described [4]. In the present investigation, 
however, a six-unit apparatus was used [5], and each of the determin - 
tions reported represents the mean of four determinations, correc 

for two blanks. 
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(c) DETERMINATION OF pH 

pH values of the suspensions were measured with a Mclnnes and 
Belcher-type glass electrode and a vacuum-tube potentiometer, using 
a cathode-ray tube as null indicator. The pH values were referred 
to potassium acid phthalate, 0.05 M y to which was assigned a pH 
value of 4.01 [6]. 


(d) TEMPERATURE 


The solutions of silver salts in contact with the fiber were kept at 

25° ±0.02° C. P 

III. RESULTS AND DISCUSSION 

1. COMBINATION WITH SILVER IONS 

The use of silver salts for the determination of carboxyl groups in 
cellulosic materials has been suggested by Rath and Dolmetscli [7]. 
They found that only very little silver was bound by the fibers in 
silver nitrate solutions but that a significant amount was bound in 
solutions of silver acetate. The latter salt was accordingly suggested 
for use in this connection. As is shown below, however, not all of the 

carboxyl groups bind silver when the cellulosic material is immersed 
in a dilute solution of silver acetate. 

The combination of electrodialyzed dewaxed or depectinized cotton 
with silver ion may be represented by the equation 


R - COOH + AgA— R - COOAg+HA, 


( 1 ) 


where —COOH represents the acidic groups of the fiber, and AgA 
represents the particular silver salt under consideration. The extent 
to which the reaction takes place is determined principally by the 
competition of silver with hydrogen ions for the acidic groups of the 
fiber. When silver nitrate is used, a strong acid (nitric) would be 
formed according to eq 1, and this would result in a relatively high 
concentration of hydrogen ions. Under such conditions, not all of 
the acidic groups of the fiber would be expected to bind silver. If, 
however, a salt such as silver acetate is used, a weaker acid (acetic) 
is formed and accordingly a greater amount of silver is bound. When 
silver o-nitrophenolate is used, a still weaker acid (o-nitrophenol) is 
lormed and the amount of silver bound correspondingly increases. 

In dewaxed cotton, or in depectinized cotton which has been washed 
with calcmm hydroxide, the acidic groups are already in the salt form 

and the reaction of these fibers with the silver salts may therefore be 
represented by the following equation: 

B—COOM+AgA^R—COOAg+MA, (2) 

where M represents the cations in the cotton. 

Here the extent to which the reaction takes place is determined 
principally by competition of silver ions with these cations for the 
acidic groups of the fiber. This system, however, is considerablv 

X 0i A^A\° nS 7l alS ° b ? 11 P r f sent (because of hydrolysis of the silver 
fiber' ’ an( * tbese W1 ^ a ^ so compete for the acidic groups of the 
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It is obvious that where cations are already in the fiber or where 
competition of hydrogen ion (formed according to eq 1) becomes 
appreciable, combination with silver ions may be increased by in¬ 
creasing the concentration of silver salt. Unfortunately, data ob¬ 
tained at higher concentrations of salt are subject to an error arising 
from the selective sorption 3 of water by the fibers, and for this reason, 
concentrations above 0.01 M are avoided in the present work. 

The combination of electrodialyzed dewaxed and electrodialyzed 
depectinized cotton as a function of concentration of silver (at equi¬ 
librium) is shown graphically in figure 1. The data were obtained in 



SILVER-ION CONCENTRATION, MOLES PER LITER 

Figure 1. —Combination of electrodialyzed dewaxed and of electrodialyzed 

depectinized cotton with silver ion at 25° C. 


silver o-nitrophenolate solutions. The pH values of the solutions 
were high enough in all of these experiments so that there could be no 
appreciable combination of hydrogen ions by the acidic groups of the 
fiber The flattening of the curves at higher concentrations indicates 
that the maximum silver-binding capacity has been approached. 
Since the maximum concentration of the silver-salt solutions is 
than 0.01 M, no correction for the selective sorption of water by 
cotton need be made. Analysis shows that both of the curves 
figure 1 conform approximately to the mass-action law, as w 

6X Table T gives the results of measurements of the 
capacity of the different samples of cotton winch were immersed 
0.01-M solutions of silver nitrate, sdver acetate, and silver o-mW 
phenolate. Each of the results represents the mean of two determin 

tions which agreed within 0.001 M-eq/g. 

s The'effect of this phenomenon and the method of correcting for it are discussed elsewhere [2]. 
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Table 1.— Silver-binding capacity of samples soaked in 0.01 M solutions of various 

silver salts 


Sample 

Solution 

Silver 

bound 

Equilib¬ 
rium pH 

Electrodialyzed dewaxed cotton. 

Silver nitrate 

M-eq/g 

0.021 
.047 
.066 

.036 

.036 

.046 

.011 

.009 

3.22 

6.14 

7.12 

6.12 

6.26 
7.60 

7.64 

7.64 

Do... 

Silver acetate 

Do.. 

8ilver o-nitrophenolate. 

Dewaxed cotton. 

Silver nitrate 

Do.. 

Silver acetate 

Do. 

Silver o-nitronhennlate 

Electrodialyzed depectinized cotton . 

w vi v/ uivi upucuuitiiu ........ 

Lime-washed depectinized cotton_ 





In accord with the above discussion, it was found that the silver- 

binding capacities of electrodialyzed dewaxed and electrodialyzed 

depectinized cotton increased as the hydrogen-ion concentration of 

the solution in equilibrium with the samples decreased. When silver 

o-mtrophenolate was used, the final pH was above 7, and accordingly 

the competition offered by the hydrogen ions is practically negligible 

Thus, the values of 0.066 and 0.011 M-eq/g obtained by titrating 

electrodialyzed dewaxed and electrodialyzed depectinized cottons 

respectively, with this salt may be considered to be the base-binding 

capacitip of these materials. The values obtained with this salt are 

m excellent agreement with the earlier estimates of the content of 
acidic groups [2]. 

The data also show that when the cotton samples are not freed of 
their cationic ash by electrodialysis, the maximum silver-binding 
capacity is not attained under the conditions of these experiments 
even though the pH of the equilibrium solution may be above l\ 
This may be explained as resulting from competition between silver 
ions and cations already on the fiber, as shown in eq 2. It should be 
noted that according to this equation, silver ions of the solution are 
exchanged with cations, such as calcium, rather than with hydrogen 
ions. The result of this exchange should be a smaller decrease of the 
lmtial pH values of the solutions. The data of table 1 show that the 
pH values of corresponding solutions are indeed higher for the samples 
that were not electrodialyzed, and as a result, competition of hydro¬ 
s' 11 ions for the acidic groups is lowered. Thus, when silver nitrate 
solutions are used the hydrogen-ion concentration of the solution in 
equilibrium with the dewaxed cotton is considerably lower than that 
ol a similar solution m equilibrium with the electrodialyzed dewaxed 

observed ^ & correspon ^ I1 S difference in silver-binding capacities is 

2. COMBINATION WITH CALCIUM IONS 

elsewher JP e M that an estimate can be made of 

tightly held cations, such as calcium, followed by electrodialytic 
determination of the cation content of the sample/ In the present 
investigation, samples of electrodialyzed dewaxed and electrodialyzed 

o'oi/tf n in? d /° tt0 f n W , Cre treated for 2 h °urs with a large excessZf a 

tilled water for an additional 2 hours in order to remove Wefcted 
calcium acetate. Determination of the cation contents showed that 
































210 Journal of Research of the National Bureau of Standards [Voi.gQ 

the electrodialyzed dewaxed sample bound 0.064 and the electrodi- 
alyzed depectinized, 0.010 M-eq/g of calcium ion. Both values agree 
well with those obtained by titration with silver o-nitrophenolate, as 
well as with the earlier estimates from the acid-binding determina¬ 
tions [2]. 

3. THE ACIDIC GROUPS IN DEPECTINIZED COTTON 

Since the same number of equivalents of calcium, silver, and 
hydrogen ions are bound by depectinized cotton, it may be concluded 
that both valences of the calcium are satisfied by the acidic groups of 
the fiber. This is of considerable significance, inasmuch as it strongly 
indicates that the phenomenon being investigated is an acid-base 
equilibrium and not some indefinite adsorption process. Further evi¬ 
dence favoring this view has resulted from another type of experiment. 

When electrodialyzed depectinized fibers 4 were treated for a short 
time with a solution of diazomethane in ether and then*washed with a 
solution of calcium acetate, it was found that they bound less than 
0.001 M-eq/g of calcium. In other words, the acidic groups appear to 
be readily esterified by treatment with diazomethane, and are no 

longer available for reaction with base. 

It was suggested earlier [2] that the acidic groups in depectinized 
cotton might well be a part of the cellulose molecule, especially since 
the experimental evidence did not favor the alternative possibilities 
that the groups might be present as the result of incomplete removal 
of the pectic substance or of the protein fraction during purification 
treatments. Assuming this to be true, the question still arises as to 
whether these groups were in the original cellulose or whether they 
were produced during the purification treatment of the fiber with 
alkali. In favor of the former possibility are the following experi¬ 
mental results. Dewaxed cotton contains 0.065 M-eq/g of acidic 
groups. The pectic substance of the cotton contributes 0.055 M-eq/g, 
as shown by direct uronic acid determinations [8]. The difference, 
0.010 M-eq/g, is exactly equal to the number of acidic groups found in 
the depectinized cotton. 

It is conceivable, of course, that the acidic groups, other than those 
of the pectic substance, are in substances which are removed during 
purification of the fiber, and that the acidic groups found were formed 
by oxidation of the cellulose during treatment with alkali. inis 
would necessitate the formation of 0.010 M-eq/g of acidic groups, tne 
same number as would be removed during the purification treatment. 
Such a coincidence appears to be rather unlikely. However, it i 
assumed that such a reaction does take place and proceeds slowly, i 
it would be expected that the content of acidic groups would steadily 
increase during the treatment of the fiber with alkali. Such c ^ 
would be detectable by methods described in the present paper . J1 
the reaction proceeds very rapidly, so that it might go to comp 
even before complete removal of the pectic substance, the q « 
whether the acidic groups in depectinized fibers are m the 
occurring fiber or are produced during purification trea-tmcn 
be answered at this time. Nevertheless, it appeared ad vis 

«It is necessary to use fibers that are essentially ash-free, since the presence of cations on the acidic groups 

prevents their reaction with diazomethane. , ptT . n _ it ; c nnf under these conditions 

« Although precautions are taken to keep oxygen from the system, it is not possiDie u 

to rigorously exclude it. 
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measure the base-binding capacity of samples purified for different 
lengths of time by extraction with a boiling 1-percent solution of 
sodium hydroxide. The results are shown in table 2, and clearly indi¬ 
cate that no significant progressive changes in the acidic properties of 
the fiber have been produced, even after 16 hours of treatment with 
alkali. Thus, the possibility of slow formation of these acidic groups 
during the depectinizing treatments is also eliminated. 


Table 2. — Cation-binding capacity of cotton samples 

depectinizing treatment 


as a function of duration 



Duration of 
alkali treat¬ 
ment 

Silver bound 

Calcium 

bound 

hr 

M-eq/g 

M-eq/g 

2 

0.010 

0.011 

4 

.010 

.009 

8 

.011 

.009 

16 

.011 

.010 


1 

2 

3 

4 


5 

6 

7 

8 
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SOME FACTORS AFFECTING THE PROPERTIES OF 

CERAMIC TALCOSE WHITEWARE 

By R. F. Geller and A. S. Creamer 

abstract 

Talcose bodies of 12 different compositions were formed by (1) pressing, (2) 
hand-wedging and extrusion, and (3) hand-wedging, deairing, and extrusion. 
They were heated on six different schedules: to cone 4 in 16 and in 24 hours; 
to cone 6 in 9, 16, and 24 hours; and to cone 8 in 24 hours. Determinations were 
made of such properties as shrinkage, absorption, strength, and linear thermal 
expansion. Conclusions are expressed regarding the effects of the various forming 
methods and heating schedules on the properties. 
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I. INTRODUCTION 


The bodies used in this study are modifications of talcose bodies 
previously reported on, 1 and are designed to be vitrified, or nearly so, 
after heating in the range from cone 4 to cone 6 (approximately 1,165° 
to 1,190° C). 

The primary purpose of the work was to provide data on the effects 
of dry-pressing versus plastic forming, of deairing versus hand-wedg- 
mg, and of various heating rates, on such properties of the bodies as 
absorption, shrinkage, and strength. Data were obtained also on the 
precision of values obtained with specimens made by the different 
methods, which data may be of assistance in the development of 
standardized methods for testing clay products. 

The ultimate purpose was to assist those manufacturers of ceramic 

whiteware who are interested in the possibility of producing vitrified 

ware of good quality at temperatures sufficiently lower, and on heating 

schedules sufficiently shorter than those now common, to effect a real 
economy. 


1 R. F. Geller and A. S. Creamer, J. Am. Ceramic Soc. *0, 137 (1937). 
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II. MATERIALS USED AND METHODS OF FORMING 

AND TESTING THE SPECIMENS 

Tlie materials used are listed in table 1. This table shows also the 
combinations in which they were used to form the 12 bodies investi¬ 
gated. 

The first talc listed in table 1 contains 6.9 percent of CaO and is 
from New York State, the next two contain 1.6 and 0.3 percent, 
respectively, and are from California, and the fourth contains a trace 
of CaO and is from Manchuria, The details of chemical composition 
have been published. 2 

The chemical composition of each kaolin and ball clay, and of the 
feldspar, has appeared in several previous reports, of which the most 
recent is National Bureau of Standards Research Paper 1311. 3 


Table 1. —Compositions of laboratory-prepared bodies 


Material 


Body number— 



Talc (CaO, 6.9%). 25 

Talc (CaO, 1.6%).. 

Talc (CaO, 0.3%).. 

Talc (CaO, trace)*. 

Florida kaolin.. 

North Carolina kaolin.. 

Tennessee ball clay A. 

Kentucky ball clay. 

Tennessee ball clay B. 

Feldspar. 10 

Flint. 20 

Flint reground 6 . 

Tripoli. 


* Practically pure talc, previously reported on in J. Research NBS 15, 55 (1935) RP848. 

6 The maximum nominal diameter of particles, by microscopic examination, was 35 microns. 


The “flint” used is pulverized quartz of commercial grade, for which 
the determined Fe 2 0 3 , nonvolatile residue, and ignition loss totaled 
0.38 percent. The tripoli was supplied by a manufacturer of white- 
ware and was not analyzed. 

The bodies were prepared in batches of 50 lb each. As a preliminary 
step, each ball clay was made into a thin slip with water, passed through 
a No. 200 U. S. Standard Sieve, and then dried and pulverized. The 
body mixtures were ground wet in ball mills for 2 hours, passed 
through a No. 100 sieve and a magnetic separator, and filter-pressed. 
The press-cakes were then placed in damp storage. 

After an interval of not less than 2 weeks, a portion of each body 
was hand-wedged to a good workable consistency (as judged by feel) 
and extruded as rods % in. in diameter and cut to suitable lengths. 
Another portion of each body was air-dried, crushed to pass a No. 30 
sieve, made up by hand with 10 percent of water, again passed 
through a No. 30 sieve, and pressed into bars approximately 6% m* 
long by % in. wide by %q in. thick under a pressure of about 1420 
lb in. 2 (100 kg cm 2 ). A hole was drilled at one end of each bar, 
and the bars were hung while being heated in the kiln. The bars 
were hung in order that they might remain free from warpage during 

a See footnote 1, and also R. F. Qeller and A. S. Creamer, J. Am. Ceramic Soc. 18, 259 (1935). 

• R. F. Geller and E. N. Bunting, J. Research NBS 25, 15 (1940) RP1311. 
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Figure 1. Specimens made by dry-pressing and bung during healing 
They illustrate “no deformation”, “slight deformation", and ‘’considerable deformation”, during heating. 
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the heating, and also to provide a relative measure of their resistance 
to deformation (fig. 1). These rods and bars were made in 1937, and 
put through the kiln in 1938, using manual control of kiln temperatures. 

In 1939 the remaining portion of each body (now thoroughly dry) 
was crushed to pass a No. 30 sieve and again hand-wedged to a work¬ 
able consistency as judged by feel. Small pieces were then placed in 
the extrusion cylinder and the air evacuated to a pressure of less 
than %o atmosphere, after which the material was extruded as rods % 
in. in diameter and cut to appropriate lengths. No pressed bars 
were made for the second series of tests. The specimens were put 
through the kiln in 1940, after an automatic temperature control 
had been installed. 

The “free/’ or mechanically held, water present in the bodies as ex¬ 
truded, or as pressed, was computed on the dry basis from the weights 



1 


LOAD 

Figure 2. — Variable-span support used for modulus of rupture and modulus of 

elasticity determinations. 

The apparatus can bo used also for the testing of specimens in rod form. 


immediately after forming and after drying to constant weight at 

110° C. 

The linear shrinkage of extruded rods was measured directly with a 
caliper, using reference marks which had been pressed into the rods 
10 cm apart, immediately after extrusion. The shrinkage of pressed 
bars was measured in an especially designed holder, using an Ames 
gage reading to 0.001 in., and observing the over-all length of the 
^ ai ’ s * Percentage values are based on the original lengths. 

Absorption was determined by weighing specimens before and after 
autoclaving m water for 5 hours under a steam pressure of 150 lb./in. 2 

Moduli of elasticity (Young’s) and of rupture were calculated from 
values obtained by center loading over a span of 5 in., unless otherwise 
noted. 1 no dry specimens and the heated bars were broken on the 
device shown in figure 2. This device was placed on a firm base (not 
shown in the drawing) and the load applied to the loading saddle 
winch was hung from the specimen at midspan. The rocker-type and 

axk/forees 4 T P h° k , mf ?- ed S cs arc . designed to prevent torsional and 

elasticity of the heated bars, for which tests a gage reading to 0 0001 
in. was mounted on the base so as to indicate the deflection of the bar 
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under load. The heated rods were broken with the machine described 
by Harrison. 4 

Linear thermal expansions were determined by the interferometer 
method. 5 

The specimens were put through an electrically heated tunnel kiln, 
of the walking-beam type, designed and built at the National Bureau 
of Standards. The kiln proper (fig. 3) is 35 ft long. Sheet-iron 
vestibules, used for placing, drawing, prewarming and cooling, extend 
for about 5 ft from each end. The cross-sectional area available for 
passage of ware is 12 in. wide by 6 in. high. Heat is obtained from 36 

r- ■ ■ ___ £+ *01/0 OL/L£ 

r 1 I r 1 I 1 1 —'— T~ —r i- 1- i t | i i 1 

/6 tfOL/0 JCHiDL/lC 



/zoo 


/ooo 


X--X 

S' "X 


Soo 


600 


400 


ZOO 


TH£ PMOCOU PL £ /VC. 

Figure 4. —Heating schedules . 

These carves are based on temperatures indicated by seven thermocouples and two 
TO in the electrically heated tunnel kiln at the National Bureau of Standards and show the heating ra^ 
followed in this investigation. The relative positions of the thermocouples and thermometers, as piaceu 

along the kiln, are indicated at the bottom of the figure. maximum 

The time-temperature relations below approximately 900 C are ^e same, regardless of th 
temperature of the test. Above 900° C the curves diverge, as indicated by the broken lines. I he w , 
and 24-hr. schedules apply to each of the various heating curves. 

Globar elements mounted vertically 18 on a side and in 8 groups for 

control purposes. i 

Air was introduced in each vestibule, permitting control of vestiDuie 

temperatures and the maintenance of a slight positive pressure (O.uu^ 
to 0.005 in. of water) within the kiln. 6 In 1939 a change was ma ~ e * 
the electric system. This involved the insertion of a full on ‘ an 1 ^° 
automatically controlled switch in each of the two circuits s uPP A y?**£ 
opposing groups of five heating elements located at the hottest sec i 
of the kun. This arrangement maintained a desired temperature 
within ±3° C with the controlling couple located about 1 m. 
the crown. The total power input averaged about 80 kw wne 

« A. C. Harrison, J. Am. Ceramic Soc. 8, 774 (1925). 

* George E. Merritt, BS J. Research 10, 59 ( 1933 ) RP515. v«Hav Authority Laboratories, 

• This procedure was suggested by R. E. Gould, then of the Tennessee Valley A study of the 

and credit lsdue also to McD. 8. Nelson, also of these Laboratories, for personal assstance in a stuoy 

operating efficiency of the kiln. 
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operating at cone 4 (1,165° C), 85 kw at cone 6 (1,190° C), and 87 kw 
at cone 8 (1,225° C), and the heating-and-cooling cycle of ware passing 
through the kiln is indicated by the curves in figure 4. 


III. RESULTS 


The values for absorption, shrinkage, and modulus of rupture in 
tables 2 and 3 are, in most cases, the averages for 10 specimens. 
Values for modulus of elasticity are averages for three specimens. 
The plus-or-minus (±) values in these tables were calculated by the 
method recommended by the American Society for Testing Materials, 7 
using P,=0.95. These values for 95 percent confidence error will 
hereafter be referred to simply as “the error.” Since values for the 
same number of specimens are averaged in most cases, the values 
for error indicate the relative uniformity of the specimens. 


Table 2 . —Same data on bodies as formed , dried , and heated 


Body No. 

Free water 
in extruded 
bars 

Shrink¬ 
age dur¬ 
ing dry¬ 
ing 

W 

Modulus 
of rup¬ 
ture dry 

(“) 

Free 

water 

in 

pressed 

bars 

( c ) 

Modulus of elasticity; 

4 pressed bars 

Cone 4« 

Cone 6 « 

16-hr 

sched¬ 

ule 

24-hr 

sched¬ 

ule 

9-hr 

sched¬ 

ule 

16-hr 

sched¬ 

ule 

24-hr 

sched¬ 

ule 

<•> 

(*) 


% 

% 

% 

lb/in* 

% 

lb/in* 

lb/in* 

lb/in* 

lb/ in* 

lb/in.* 

25... 

24. 7 

29.5 

3.9 ±. 1 

170 ±8 

8.4 

8.0 

7.1 

9.3 

9.6 

10.8 

26. 

28.7 

28.8 

4.0 ±. 3 

160 ±4 

8.1 

10.0 

8.6 

9.9 

10.1 

9.6 

27. 

30.0 

28.8 

3.4 ±.2 

300 ±9 

8.3 

7.5 

7.6 

9.2 

8.5 

8.1 

28.. 

22.6 

28.7 

4.5 ±. 1 

120 ±3 

8.9 

8.0 

7.8 

9.6 

9.8 

9. 4 

29___ 

32.0 

27.8 

3.8 ±. 1 

150 ±4 

no. 4 

9.0 

8.3 

9.4 

9.6 

10. 5 

30... 

31.7 

24.4 

4.0 ±.2 

220 ±6 

8.5 

7.4 

7.6 

9.0 

9.3 

9.6 

31.. 

30.6 

28.3 

4.2 =fc. 1 

150 ±3 

9.3 

7.2 

6.5 

10.3 

9. 3 

9.1 

32. 

31.5 

26.2 

4.2 ±. 1 

220 dt 8 

9.0 

8.4 

7.3 

7.9 

9.6 

9.6 

33.. 

32.9 

30.3 

4. 5 ±. 1 

140 ±7 

7.2 

7.4 

6.8 

9.9 

9.0 

9.5 

34. 

32.0 


4. 9 d=. 1 

200 ±4 

7.8 

6.7 

5.9 

9.3 

9.3 

8.3 

35. 

30.5 


4.5 ±. 2 

250 ±4 


6 4 

5 7 

8.4 

£ 1 

7 Q 

36. 



4. 6 ±. 1 

260 ±4 


7.0 

6.1 

O. 1 

7.6 

/. O 

7.7 








•Bars made of bodies hand-wedged and extruded, and heated in 1938. 
b Bars made of bodies hand-wedged, deaired and extruded, and heated in 1940. 

•Values obtained by weighing specimens when pressed and after drying at 110° C. All bodies were made 
up with 10 percent of water. 

4 Values to be multiplied by 10®. 

^ ‘ ,cone 4 ” and 10 “cone 6 ” indicates approximate maximum temperatures of 1,165° C and 

control respectivel y* For detaIls of heating schedules, see figure 4. Bars heated with manual kiln 

* This body was obviously not completely air-dry before adding the water for pressing. 


1. WORKABILITY 


Optimum workability of a plastic mixture, prepared for extrusion 
was judged by feel, rather than by some mechanical means, in order 
to observe how closely the same operator could duplicate the propor¬ 
tions when working with parts of the same body but at considerably 
different tunes (in this case, 2 years). Although the hand-wedging 
was admittedly amateurish, it is believed to have equalled that usu- 
ally done m laboratories. As shown in table 2, less water was used 
for 9 of the 12 bodies when the second series of specimens was prepared 
but, of the 4 greatest variations, 2 (bodies 25 and 28) were in one 
direction and the other 2 (bodies 30 and 32) were in the opposite 
direction. I he average variation was 3.6 percent. 


1 Am 
Am 
1937 


n « Soc ^, TestIn ^ Materials, Manual for Interpretation of Hefractorv Data n 87 fFflhr., 0 . w 10 o K v 
. Soo. Testing Materials, Manual on Presentation of Da ufifiSZ a93?) P - 8 ecind p rintTng! M'arch 
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2. SHRINKAGE 

Comparing the values for the “a” specimens (not deairerl) with those 
for the “b” specimens (deaired) in the columns of table 3 headed 
“Extruded”, it is seen that, of the 45 pairs of comparable values for 
total shrinkage, the maximum difference for total linear shrinkage 
was 3.6 percent (body 27) and the average difference was 0.7 percent. 
In 28 of the 45 cases, the shrinkage of the deaired body was greater 
than that of the comparably heated nondeaired body but in only 
18 of the 28 cases was the difference significant. 8 In one case 
there was no difference. In the remaining 16 cases, the shrinkage 
of the deaired body was less, and in 13 of these the difference 
was significant. These differences in shrinkage were independent 
of the respective amounts of water used in forming (note bodies 26, 
33, and 34). As indicated by the error values, the uniformity of 
a deaired body was greater than that of a comparable nondeaired 
body in 25 cases, while it was less in only 8 cases and the same in the 
remaining 12. In general, the shrinkage values do not show clearly 
defined effects of the described differences in processing. 

There was no apparent correlation between shrinkage values and 
the variations in composition or in heat treatments. That is, no 
bodies consistently showed outstandingly high or low shrinkage after 
all the heat treatments and, with few exceptions (for example, body 
34) the shrinkage, especially of a deaired body, was not altered more 
than about 1 percent by the various heat treatments. In general, 
the pressed bodies showed greater variation in shrinkage with varia¬ 
tion in heat treatment than the extruded bodies. For detailed data 
and a discussion on the shrinkage of bodies 27 and 35 during heating, 
see the reference given in footnote 3. 


3. ABSORPTION 

The absorption values in table 3 show that only one pressed body 
(No. 26) and five extruded bodies (Nos. 25, 26, 29, 30, and 32) could 
be classified as vitrified, or nearly so, after heating on both the 16-hour 
and the 24-hour schedules to cone 4. 9 After heating to cone 6 on the 
9-hour schedule, all of the specimens (both pressed and extruded) 
were vitrified, or nearly so, but the pressed specimens of bodies 27, 34, 

35, and 36, heated on the 16- and 24-hour schedules, could not be so 
classified. After heating to cone 8, all of the bodies, excepting 35 and 

36, were completely vitrified. 

In this connection, it is interesting to note that the pressed specimens 
of bodies 27, 34, 35, and 36, heated to cone 6, showed a definite in¬ 
crease in absorption with an increase in the length of the heating sene 
ule. The same relation between the absorptions and the heating 
schedules was shown by all of the pressed bodies heated to cone 
Some of the extruded bodies heated to cone 4 did not show this relation, 
and the differences in absorption were often not significant. 1 he pr 
duction of a lower relative absorption during the shorter of two hea i g 


• The significance of differences between averages was determined by the ratio 


Xi-X* . 

VnM-ra* 


where X is the average value, and r is the error (± value) qfthea verage.If t he ratio is 1.0 o rm o r M he pe^ 
centage confidence is 95 or more, and the difference is considered significant. If the ratio is l.oor 

percentage confidence is 99 or more, and the difference is considered highly signiflcan • fhan 1 percent. 

• A “nearly vitrified” body is arbitrarily defined as one having an absorption of not.moreithan l P ^ Q 
Heating to cone 4, 6, or 8 means heating to a nominal maximum temperature of 1,105 , , 
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Table 3 .-Some properties of pressed, extruded, hand-wedged, and deaired bodies heated on various sc/tedu/es—Continued 
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schedules was reported by Watts 10 and also observed for bodies 27 
and 35 in a previous study (see footnote 3). 

The maximum temperature attained during the shorter of two 
schedules “to the same cone” is somewhat higher than during the 
longer schedule. 11 One might, therefore, at first thought ascribe the 
lower absorption, after the shorter schedule, to the higher maximum 
temperature, but this explanation does not apply to results from the 
previous study (footnote 3), in which the specimens were taken to the 
same maximum temperature. 

In 19 of the 46 comparable pairs of values in table 3, the deaired 
bodies had the same absorption (zero) as the nondeaired. Of the 
remaining 27 cases, the absorptions for the deaired bodies were less in 
21, and greater in 5 cases. These five all occurred with bodies heated 
to cone 4 in 16 hours. 

The uniformity of the deaired bodies, as indicated by the absorption- 
value errors, was usually considerably greater, and in no case less, 
than for the hand-wedged bodies. The average of the errors for the 
percentage absorption values is 0.5 for the hand-wedged, 0.3 for the 
pressed, and 0.1 for the deaired specimens. 


4. STRENGTH 


The modulus of rupture values show some well-defined differences 
resulting from the various methods of forming the specimens. The 
most pronounced arc the higher values for deaired and extruded speci¬ 
mens as compared with the values for pressed specimens heated on 
comparable schedules. Of the 41 pairs of these values in table 3, 40 
show a higher strength for the deaired bodies, and the difference is 
highly significant in 38 cases. The average difference in strength for 
specimens heated to cone 4 was 3,400 lb/in. 2 , for specimens heated to 
cone 6 it was 2,600 lb/in. 2 , and the grand average was 3,100 lb/in. 2 . 

The higher strength of deaired and extruded specimens compared 
with those hand-wedged and extruded is also clearly defined. Al¬ 
though the average increase in strength is only 2,300 lb/in. 2 , the aver¬ 
age values for individual deaired bodies were higher in 41 out of 43 
cases (table 3). Of these 41, the differences were significant in 39 
cases, of which 34 were highly significant. 

The difference between pressed specimens and those made of hand- 
wedged bodies is not so striking but, in the majority of cases, the latter 
had the higher strength. Of 58 pairs of comparable values in table 3, 
39 differences showed the hand-wedged and extruded rods to have 
higher strength (average 1,400 lb/in. 2 ) and 18 to have lower, strength 
(average 1,000 lb/in. 2 ). Of the 39 higher strengths, 26 differences 
were significant and 20 of these were highly significant. Of the lo 
lower strengths, only 6 were significant and 5 of these were highly 

significant. # - , 

The variations in strength with increase in severity of heat treatment 

(from cone 4 on the 16-hour schedule to cone 8 on the 24-hour schedule; 
showed no common trend but, with three exceptions (bodies 31, 34 
and 36), the strength, after the cone 8 treatment, was comparative!} 


Arthur S. Watts, J. Am. Ceramic Soc. 19, 175 (1936). following teinpcr- 

>i During the operation of the kiln in 1940, the controlling thermocouple was set at the following iui i 

atures for the various schedules: j J 430 c. 

Cone 4 in 10 hr--- i’ C. 

Cone 4 in 24 hr----- 1175 ° C. 

Cone 6 in 24 hr_____' 
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low and the bodies were probably overfired. The following tabulation 
summarizes results of the cone 4 and cone G heat treatments for the 
12 bodies. Columns A give the number of bodies which were sig¬ 
nificantly stronger, and columns B the number which were significantly 
weaker, after heating on the shortest schedule, compared with those 
heated on the longest schedule. 



Cone 4 

Cone 6 


A 

B 

A 

B 

Pressed_ 

4 

0 

G 

0 

Hand-wedged_ 

4 

1 

5 

4 

Deaired_ 

2 

6 

2 

5 


Watts (footnote 10) reported from 300 to 600 lb/in. 2 higher trans¬ 
verse strength for bodies heated on the shorter of two schedules. 
Fritz 12 found that specimens cooled relatively rapidly showed an 
increase in strength of more than 35 percent over those cooled in the 
usual manner, and he contends that the more rapid cooling is responsi¬ 
ble for the higher strength. To investigate further the effect of rapid 
cooling, the halves of pressed bars of bodies 27, 31, and 35, heated to 
cone 6 on the 24-hour schedule and broken across a 5-in. span, were 
subjected to the following test: One-half of each specimen was 
broken on a 2^-in. span without further treatment. The other half 
of each specimen was heated to 1,100° C and cooled to room tempera¬ 
ture in 4 hours. The untreated half-specimens of these three bodies 
had average moduli of rupture of 7,000 ±200, 7,300 ±300, and 6,200 
±300 lb/in. 2 , respectively. For the rapidly cooled halves, the values 
were 7,400 ±300, 7,800 ±300, and 6,600 ±200 lb/in. 2 , respectively. 
The difference was significant in each instance and supports Fritz' 
contention. 

The averages of the errors for the modulus of rupture determina¬ 
tions, grouped by method of processing and heat treatment, are as 
follows: 


Hand-wedged_ 

Cone 4, 

16 hr. 

Cone 4, 

24 hr. 

Cone 6, 

9 hr. 

Cone 6, 

24 hr. 

lb/in. 2 

680 

400 

420 

lb/in 2 
660 
280 
360 

lb/in. 2 

440 

380 

320 

lb/in . 3 
590 
410 
360 

Pressed__ 

Deaired___ 



According to these averages, the uniformity of the pressed specimens 
is approximately the same as that of the deaired specimens. 

It cannot be said with certainty that the greater strength of the 
eaired bodies was caused entirely by the processing, since these 
bodies were heated after the automatic temperature control had been 
installed. It seems reasonable to assume, however, that the deairing 

12 E. H. Fritz, J. Ain. Ceramic Soc. 20, 26 (1937). 
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is largely responsible, because it would have required irregularities in 
manual control considerably greater than those actually observed 
(± K cone) to account for the differences. 

5. ELASTICITY 

Elasticity values were determined for pressed bars only and are 
given in table 2. They vary from 5.7xl0 6 to 10.8x10°, and the aver¬ 
age for bodies heated to cone 6 was somewhat higher than for those 
heated to cone 4. 

6. EXTENSIBILITY 

The extensibility, or the amount a body can stretch before rupture, 
is the ratio of the modulus of rupture to the modulus of elasticity. 
The extensibility could, therefore, be calculated for pressed specimens 
by using the data in tables 2 and 3. The individual values ranged 
from 8.2xl0' 4 to 11.9xl0“ 4 and averaged 9.3xl0 -4 . There was a 
small but not consistent variation in extensibility with variation in 
heat treatment. 

7. THERMAL EXPANSION 

Results of linear thermal-expansion determinations are given in 
table 4. Because of the many variables in composition, it would be 
extremely difficult to explain all of the variations in expansion, but 
there appear to be reasons for some. For example, one body made 
with reground flint (No. 27) has a relatively low thermal expansion, 
while two others (bodies 33 and 36) do not. In the case of body 33, 
the total amounts of feldspar and of free silica, introduced either as 
such or in the clays, were the same within 2 percent as the amounts 
in body 27, and the use of lime-free talc is probably the reason for its 
higher expansion (see reference in footnote 2). The materials for 
body 36, however, contained in comparison 10 percent less of talc, 
about 5 percent less of feldspar, and about 6 percent more of free 

R lll Pift 

There is also no consistent relation between the thermal expansion 
and the method of forming, or the heat treatment, except that the 
expansions for bodies heated to cone 8 are markedly lower and in¬ 
dicate an appreciable solution of quartz in bodies heated above cone 

6 (1,190° C). 

8. DEFORMATION 

The dry-pressed specimens of bodies 25 to 29, inclusive, showed 
slight deformation (fig. 1) after the heating to cone 6 on the 9-hour 
schedule, and specimens of body 26 showed considerable deformation 
after heating to cone 6 on the 16- and 24-hour schedules. All others 

showed no deformation. 

9. COLOR 

Specimens of bodies 25 to 27, inclusive, heated to cone 4, and all 
specimens heated to cone 6, were not quite white. Their color 
very light gray. All other specimens were light buff or ivory m color. 
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Body No.* 


26 ex 
pr 
ex 
pr 
ex 

pr 

ex 

Pr 

ex 

pr 

ex 

27 ex 
pr 
ex 
pr 
ex 
Pr 
ex 

32 ex 
pr 
ex 
pr 
ex 
pr 

33 ex 
ex 
ex 

34 ex 
ex 
ex 

35 ex 
pr 
ex 

pr 

ex 

pr 

ex 

Pr 

ex 

pr 

30 ex 
ex 
ex 


Heat 

treatment * 


Coefficient of linear thermal expansion 
(multiply values by 10~ 6 ) 


Maxi¬ 

mum 

temp. 

Sched¬ 

ule 

Room 

temp 

to 

100° C 

100° 

to 

200° C 

200° 

to 

300° C 

300° 

to 

400° C 

400° 

to 

500° C 

500° 

to 

1600° C 

600° 

to 

700° C 

Cone 

4 

hr 

16 

5.2 

6.6 

7.4 

7.9 

8.1 

11.3 

5. 9 

4 

16 

4.7 

6.7 

7.0 

7.1 

8.2 

10.4 

6.3 

4 

24 

5.2 

6.4 

7.2 

7.4 

8.3 

10.9 

5.8 

4 

24 

5.1 

6.3 

7.0 

7.0 

8.2 

10.7 

5.9 

6 ; 

9 

4.7 

5.5 

6.2 

6.6 

7.6 

9.1 

5.4 

6 i 

9 

4.6 

0.6 

0.0 
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nrlcTi? bodies that were hand-wedged and extruded, and “pr” indicates so-called de¬ 
pressed bodies. For the amounts of water used, see table 2. w 50 08116(1 ar ? 

i S>S a rr mum t « np ? rat H£ cs of cone 4, cone 6, and cone 8 are approximately equivalent to 1 166 ° 1 ion® 
and 1,225° C. respectively. For details regarding the 9-, 16-, and 24-hour schedules <25 fiSnri®/ ’ JmT ’ 
specimens were heated on the manually controlled kiln schedules. CS ' ^ figure These 

IV. DISCUSSION AND CONCLUSIONS 

. „ depend ^rJ ud f men i fc of - the °P erator for the determination 
nf t m work * blllt y . of a P lastlc ceramic body in the preparation 
of laboratory specimens is open to criticism. In this study, the same 

operator, working with parts of the same compositions, varied the 
amount of water of plasticity’" used in one body over 7 percent, and 
the average variation for the 12 bodies investigated was 3.5 percent 
Yet the most recently published compilation of methods for testing 
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clays states 13 simply that “ The plastic clay body is prepared * * * 

by mixing it with the required water of plasticity, * * As 

yet there is no generally accepted mechanical means for standardizing 

the workability of ceramic bodies. 

Unfortunately, the data do not distinguish the individual effects of 
variations in water of plasticity, of hand-wedging, and of deairing. 
They do show unmistakably that the uniformity of specimens, as in¬ 
dicated by the values for absorption and for transverse strength, is 
improved by deairing. 

Pressed specimens are easily prepared, even with bodies having 
relatively poor workability, and the precision of the results compares 
favorably with that for deaired and extruded bodies. 

The progress of vitrification and the final strength of pressed and 
extruded specimens may differ in important degree. Pressed labora¬ 
tory specimens should not, therefore, be used to represent compositions 
which are formed commercially from plastic masses, and vice versa. 

Transverse strength values showed the most pronounced differences 
of any of the properties determined, resulting from the three forming 
methods (pressing; hand-wedging and extrusion; deair ing^ and extru¬ 
sion). Deaired specimens averaged 3,100 lb/in. 2 higher in modulus of 
rupture than the pressed, and 2,300 lb/in. 2 higher than the hand- 

wedged. . , 

Specimens were heated to cone 4 on 16- and 24-hour schedules, ana 

to cone 6 on 9-, 16-, and 24-hour schedules. About one-third of the 
specimens showed the higher transverse strength after the shortest 
schedule both to cone 4 and to cone 6. Additional data were pre¬ 
sented to support the theory that this effect was the result of the 
comparatively rapid cooling on the short schedule. 

The average strength of the pressed bodies ranged from 5,4UU 
to 9,400 lb/in. 2 for those heated to cone 4 and from 6,000 to 10,000 
lb/in. 2 for those heated to cone 6. Corresponding values for the hand- 

wedged bodies are 6,400 to 11,000 lb/in. 2 and 7,100 to 12,100 lb/m. . 
For the deaired bodies, they are 8,700 to 12,600 lb/m. and 9,700 t 


13,500 lb/in. 2 . . _ . , o+ 

The shrinkage was not greatly affected by the various heat treat¬ 
ments (usually less than 1 percent total range). , • 

The variations in heat treatment had little effect on the _ 4 

bility. The averages for the 12 bodies ranged from 9.2 to 9.9 X 1U • 
After heating to cone 6 on the 9-hour schedule, all of the specimens 
were vitrified, but, after heating to cone 4, only one pressed body ana 
five extruded bodies were vitrified, or nearly so (less than 1-percem 
absorption). The change in absorption “from cone 4 to cone 
appreciably greater for the pressed bodies than for the extiuded 
Several'bodies showed increase in absorption with increase 
length of the heating schedule when heated to the same cone, 
is no reason to believe that this is caused by so-called overtiring. 


Washington, October 14, 1940. 

U J. Am. Ceramic Sop. 11 445 (1928). 
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I. INTRODUCTION 

The gas analyst has at his disposal a number of attractive physical 
methods which may be invoked in time of need to supplement of even 
replace the various chemical methods at his command. Bv far the 
most useful of these is distillation. Unlike most of the otlierphysical 
methods, distillation can achieve the actual separation and isolation 

be used for both analysis and purification of gases and is not limifod 
(as are many physical methods) to binary mixtures. Although dis¬ 
having taken place <Li„g the StIlfye'aS Thi sdevdot 
assortf attributable to the demand of the natimal gL 

insofar as possible, the actual composition of comp ex mixtures ff 
hydrocarbons-an analysis that could not be made by th“time hon- 
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clays states 13 simply that “The plastic clay body is prepared * * * 

by mixing it with the required water of plasticity, * * As 

yet there is no generally accepted mechanical means for standardizing 

the workability of ceramic bodies. ... „ 

Unfortunately, the data do not distinguish the individual effects of 
variations in water of plasticity, of hand-wedging, and of deairing. 
They do show unmistakably that the uniformity of specimens, as in¬ 
dicated by the values for absorption and for transverse strength, is 

improved by deairing. # . 

Pressed specimens are easily prepared, even with bodies having 
relatively poor workability, and the precision of the results compares 
favorably with that for deaired and extruded bodies. 

The progress of vitrification and the final strength of pressed and 
extruded specimens may differ in important degree. Pressed labora¬ 
tory specimens should not, therefore, be used to represent compositions 
which are formed commercially from plastic masses, and vice versa. 

Transverse strength values showed the most pronounced differences 
of any of the properties determined, resulting from the three forming 
methods (pressing; hand-wedging and extrusion; deairing^ and extru¬ 
sion). Deaired specimens averaged 3,100 lb/in. 2 higher in modulus ot 
rupture than the pressed, and 2,300 lb/in. 2 higher than the hand- 

wedged. - , A 

Specimens were heated to cone 4 on 16- and 24-hour schedules, ana 

to cone 6 on 9-, 16-, and 24-hour schedules. About one-third of the 
specimens showed the higher transverse strength after the shortest 
schedule both to cone 4 and to cone 6. Additional data were pre¬ 
sented to support the theory that this effect was the result ot the 

comparatively rapid cooling on the short schedule. nn 

The average strength of the pressed bodies ranged from 5,4UU 
to 9,400 lb/in. 2 for those heated to cone 4 and from 6,000 to 10 ,UUU 
lb/in. 2 for those heated to cone 6. Corresponding values for the hand- 
wedged bodies are 6,400 to 11,000 lb/in. 2 and 7,100 to 12,100 lb/m. . 
For the deaired bodies, they are 8,700 to 12,600 lb/in. 2 and 9,700 to 


13,500 lb/in. 2 . , , . , . . 

The shrinkage was not greatly affected by the various heat trea 

ments (usually less than 1 percent total range). . 

The variations in heat treatment had little effect on the ext 4 
bility. The averages for the 12 bodies ranged from 9.2 to 9.9 Xiu • 
After heating to cone 6 on the 9-hour schedule, all of the specimen 
were vitrified, but, after heating to cone 4, only one pressed body ana 
five extruded bodies were vitrified, or nearly so (less than 1-percen* 
absorption). The change in absorption "from cone 4 to cone b ^ 
appreciably greater for the pressed bodies than for the extruded 
Several’bodies showed increase in absorption with increase 
length of the heating schedule when heated to the same cone, 
is no reason to believe that this is caused by so-called overnrin to . 
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I. INTRODUCTION 

rr T, hu , gaa palyst has at his disposal a number of attractive physical 

replace the various chemical methods at his command. By far the 
most useful of those is distillation. Unlike most of the otherphysical 
methods distillation can achieve the actual separation and isolation 

be used for both analysis and purification of gases, and is not limifed 

gas mixtures in the laboratory is relatively recent most of J \ 

opment having taken place during the last 20 years. This develon" 
ment in our country is attributable to the demand of the ^tmli P " 
and associated industries, and arose from the neee«<dt - gas 

insofar as possible, the Actual SSTnSSton* ofComplex mkST^f 
hydrocarbons-an analysis that could not be made by thTtSiom 
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ored method of combustion. Methods of distillation have since been 
applied to various gaseous mixtures, and have recently been used by 
many industrial research laboratories. 

Despite this, the distillation of gases has not been subjected to 
anything like the standardization accorded the ordinary chemical 
methods, and has been given mention by title only, if at all, in stand¬ 
ard texts on gas analysis. This situation is understandable and will 
probably be remedied during the course of time. 

The method of distillation as applied to gases has one fundamental 
and several practical limitations. Azeotropic mixtures cannot be 
separated by this means, and often the separation of components of 
like boiling points is so exacting and irksome that one had better 
look elsewhere for help if it is available. It is often advantageous to 
supplement distillation with methods capable of dealing with binary 
mixtures yielded as distillates. Again, the apparatus involved is of 
necessity relatively complicated and expensive. The chief objection 
from the industrial viewpoint is the time required for an analysis. 
Our experience agrees with that of a great many others, and clearly 
indicates the necessity for separation on a fractional pattern in many 
instances, rather than performing a single straight distillation. This 
increases the time required to an extent considerably greater than is 

implied by some papers on the subject. 

This paper describes the apparatus and general procedures used at 
this Bureau for the separation of gases by this method. The separa¬ 
tion of natural gases by isothermal fractional distillation has been 
previously described. 1 The present apparatus retains the essential 
features of the old one, although in greatly simplified form. In 
addition, special rectifiers for handling large samples have been in¬ 
cluded. The new apparatus was designed primarily for the prepara¬ 
tion of pure gases to be used for determinations of the accuracy, (and 
reproducibility) of methods of gas analysis, but as such it is an 
equally effective analytical tool. If purification of gases were 
sole instead of the main object, some parts of the apparatus could be 
dispensed with. If the reverse were true, other portions of tbe 
apparatus could be eliminated. In the description which follows, 
the purposes will be distinguished so that a prospective user can 
easily determine what may be needed for his own work. 

II. APPARATUS 


1. GENERAL ASSEMBLY 

The best introduction to the apparatus is offered by the senes of 

photographs which follow. . . . 

Figure 1 shows the complete assembly viewed from the ' 

It is one continuous piece of glass from end to end, with no . 

connections. The various glass parts are mounted on an iron tram 
and fused together. The glassblowing was done by E O bpern g. 
Chief Glassblower of this Bureau, and has been generally consider 
by technical visitors to be one of the finest examples 
Each of the five prominent aluminum spheres at the top enclos 
22-liter Pyrex flask embedded m roller composition. 2 Once used a 

» Martin Shepherd, BS J. Research 2, 1145 (1929) RP75. mixture sets to a rubber-like mass 

•This is glycerol and glue. Ground cork was added to this. The mixture sets w 

resembling fruit cake, and affords excellent protection and some thermal insulation to the flask . 
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stratosphere samplers, they now serve as reservoirs for the storage 
of gases. 

Figure 2 shows (almost completely) the apparatus from the left. 
This photograph has been marked to show the various major sections 
that comprise the whole apparatus. From left to right, these are: 

(1) An automatic sample-collecting pump, which has been pre¬ 
viously described in detail. 3 This is a mercury-displacement pump 
that is used to collect noncondensible gases. Since it acts as the 
backing pump for a mercury-vapor pump, its action is fairly rapid by 
comparison with the usual pumps of this type. It is, however, rarely 

used except for special problems sometimes associated with the analysis 
of small samples. 

(2) The next section is for volume measurement. A calibrated 
bulb of 1-liter capacity, a bulbed buret of 1-liter capacity, and a 
standard 100-ml burette are connected to permit the common use of a 
manometer-compensator unit. Placed between the 1-liter bulb and 
the bulbed burette'are three inclined reservoirs which supply mercurv 
to these units. 

(3) The next section has four rectifying columns of different sizes. 
The first two are designed primarily for the preparation of pure gases. 
The second pair is for the analytical separation of gas mixtures, and 
serves for samples of large or small volume. 

(4) Following the rectifying section are three manometers for 
registering pressures in the rectifiers and receivers. 

(5) Next is a series of five condensers to receive liquid distillates 
from the columns. 

(6) Then comes an important part of the apparatus—the differ¬ 
ential saturation-pressure manometer by means of which the purity 
of distillates is determined. 

(7) Following this is a series of distilling tubes for the analytical 
separation of small samples by isothermal distillation. 

(8) The final section, not shown in this figure but apparent at the 
extreme right end of figure 1 (and shown also in figures to follow), 
is a unit for the transfer of gases from the glass apparatus to cylinders 
where they may be stored at high pressures. 

These are the essential units that make up the apparatus. They 
may now be considered in more detail. 

2. GAS MEASURING AND RECTIFYING SECTION 

Figure 3 shows the rectifiers, with the bulbed burette at the left and 
manometers at the right. The burette and manometer-compensator 
have been previously described. 4 The system permits measurement 
of gas volumes up to 2 liters at the fixed pressure of the compensator 
(approximately atmospheric). The measuring unit is connected to 
the inlet of the rectifiers, and mercury from the burette is prevented 
from accidentally entering the rectifiers by a spherical float valve 
interposed in the line. 

The rectifying columns are connected to permit the following 
procedures: 6 

1. The distillate can be discharged into evacuated receivers at 
controlled rates, and the distilling pressure and receiver pressure 
measured independently. 

• E. R. Weaver and Martin Shepherd, J. Am. Chem. Soc. 60, 1829 (1928) 

• Martin Shepherd, BS J. Research 6,126-127 and 140, figures 4 and 13 (1931) RP266. 
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2. The distillate can be discharged into condensers and collected as 
a liquid. 

3. Any column can be isolated and used alone. 

4. The columns can be connected in series, so that one acts as a 
receiver for another. 

5. The columns can be connected in parallel, so that several can 
discharge simultaneously into a common receiver. 

6. One or more columns can discharge into evacuated receivers 
while others, operating on a different mixture, may discharge simul¬ 
taneously into the condensers. 

7. Distillates from one column can be taken into a column either 
to the right or left. 

8. Distillates from either group of receivers can be taken back 
into any column. 

9. Condensates or gases from any part of the apparatus to the right 
of the rectifier section can be returned to this section. 

The manometers are connected so that the distilling pressures can 
be measured when the distillates are discharged to the condensers as 
well as when they are discharged to the evacuated receivers. An 
open-end manometer registers the distilling pressure. It is provided 
with an adjustable electric contact, which, when fixed at the desired 
pressure for distillation, flashes a light at the potentiometer when this 
pressure is reached. This permits the operator who has been follow¬ 
ing the temperature of distillation to make his observation at the 
exact moment the correct isobaric condition is reached. The other 
manometers are closed-end instruments of somewhat greater than 
barometric length, and are equipped with steel tapes that permit 
rapid reading. The tapes are installed as belts operating on pulleys, 
and two sliding collars bearing crosshairs complete the arrangement. 
The tape is fastened to the lower collar so that its crosshair corresponds 
with zero of the tape. The rectifying columns are of the spiral type 
illustrated in the drawing (fig. 4). This type will be recognized as an 
old friend, since it has been described in various modifications during 
the past 20 years. Evidently its real age has not been generally 
realized, for all of the modificationsfdescribed since 1920 were cun¬ 
ningly plagiarizedJ£in- 1895 and 1908, by Berlomont, Lebal, and 
Foucar, 6 who were apparently endowed with surprisingly detailed 
prophetic powers. The evident advantage of this type of column lies 
in the fact that the paths of the ascending vapor and refluxing liquid 
are equal , and, of course, of considerable length relative to the over-all 
length of the whole apparatus. Thus an equilibrium can be attained 
which is not realized if the path of the vapor is shortened with respect 
to that of the refluxing liquid. The column is provided with a con¬ 
venient drop counter, and the boiling pot is equipped with a heater 
and the standard device which anyone who has used a coffee percolator 
will recognize. The heater is wound with platinum wire, the lead 
wires are very heavy, and the circuit is protected by a 3-ampere fuse. 
Current is regulated by means of an auto transformer. 

The inner bore of the spiral is approximately 5 to 6 mm, except for 
the smallest column, in which it is reduced to 4 mm. Smaller bores 
tend to flood. In the first and third rectifier, the inside wall of the 

8 O. Berlomont and Lebal, Bull. Soc. Chim. IS,'674, III (1895);-J.'Soc. Chem. Ind. 14, 821 (1895); Foucar, 
Eng. Patent 19,999 (1908). 
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spiral is coated with 40-mesh carborundum 6 fused to the glass. The 
wall is roughly etched in the second and fourth. The spiral in the 
first column is 6 m long; the others 
are 4, 3, and 2 m. The third 
column, with a 3-m spiral, is the 
only one of the group which has 
had the distinction of a formal test 
for efficiency. While the column 
itself is scarcely 40 cm high, it 
has the efficiency of 30 theoretical 
plates. 

Temperatures in the condensers 
of the columns are measured by 
means of No. 36 copper-constantan 
thermocouples in connection with 
a precision potentiometer. Copper 
balls are placed in the evacuated 
jacket of the condenser and sur¬ 
round the condenser tube snugly. 

The heat capacity of the large 
amount of metal serves fairly well 
to maintain desired temperatures 
when the cooling liquid is discharged 
at appropriate intervals by means 
of a pressure seal affixed to the 
Dewar flask containing it. Liquid 
air is ordinarily used for the re¬ 
frigerant. 

A D’Arsonval tube (unsilvered 
Dewar) is placed around the boding 
pot and snugly up to the bottom of 
the vacuum jacket of the column 
during its operation. 

If the condenser temperature 
becomes too low and the distillation 
is interrupted, distillate can collect 
and freeze at the top of the column. 

This may happen only rarely, but 
if it does, pressure wfll build up in 
the column and eventually some¬ 
thing must let go. 7 For this reason, 
a safety seal is teed into the column 2 h 0 ies 4 m ,„d,am 
inlet. This seal has a column of 
mercury which retains pressures 
up to 2 atmospheres, but permits 
the escape of gas in excess of this 

pressure. Figure 4 .—Drawing of rectifier. 

3. CONDENSERS AND DIFFERENTIAL MANOMETER 

SanSi? ^ condensers and the differential saturation-pres- 
re manometer. The condensers are merely calibrated tubes and 
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hold different amounts of liquid (200 ml to 0.5 ml). The smaller 
ones are used in connection with the differential manometer in deter¬ 
mining the purity of distillates. The manometer and the procedure 
for determining purity have been previously reported. 8 

This section of the apparatus is connected to permit the following 
arrangements: 

1. The differential manometer and necessary condensers can be 
isolated as a separate unit during tests for purity. 

2. The condensers can be connected back to the rectifiers. 

3. The condensers can be connected to the evacuated receivers. 

4. The high-pressure transfer apparatus can be connected to the 
condensers. 

5. The distilling tubes can be connected to the condensers and 
differential manometer. 


6. A McLeod gage, shown at the extreme right of figure 5, can be 
connected to the system at this section. (This is one of three such 
gages used at different parts of the apparatus.) 

7. A mercury-vapor pump of the Stimson type can be connected to 
the system at this section. This can be seen back of third rod from 
left, figure 5. It is one of two such pumps used. 

8. Auxiliary apparatus or reservoirs for delivering or receiving gases 
can be connected through an interchangeable joint above condenser 
3 (C3 of fig. 8). 

In the former account of the differential manometer it was specified 
that mercury should be frozen around the two condensing bulbs of 
the manometer. Previously a glass tube had been successfully used 
to hold the mercury. This tube was eventually broken (not in 
regular use) after several years of service, and replacements thereafter 
showed a tendency to break when the mercury was frozen during the 
test procedure. Accordingly, a steel tube was substituted, but this 
caused erratic behavior of the manometer, evidently because of the 
conduction of heat down the walls of the steel vessel. To remedy 
this difficulty, a steel container was made with a large well at the 
bottom for the mercury and with a narrow neck leading to the top of 
the Dewar tube which contains the cooling medium. Kadiating fins 
were fixed to the narrow neck of this steel container. The condensing 


bulbs of the manometer were enlarged to 6 mm inside diameter, so 
that slightly different amounts of initial distillate and final residue 
would result in no great difference in level of the menisci of these two 
condensates within the bulbs. Under these conditions, the manome¬ 
ter again gave a good account of itself. It is recommended that those 
who use the instrument study the particular one they must deal with 
by condensing the same gas in varying amounts into the two bulbs, 
in order to determine how closely the two condensates, whose satura¬ 
tion pressures are to be compared, must be measured before intro¬ 
duction into the manometer. In addition, the permissible minimum 
amount of condensate can be determined for each gas to be tested. 
This will, of course, vary not only with the gas tested, but also with 
the volume of the particular manometer. Measurements like these 
will preclude the possibility of inadvertently setting up such conditions 
as a superheated gas on one side of the manometer and a saturated 
gas on the other. The desired information for proper operation is 
easily obtained, since the equipment permits measurement of a con- 


• Martin Shepherd, BS J. Research 1«, 184 (1934) RPG43. 





Research Paper I 372 


Journal of Research of the National Bureau of Standards 





















Figure 6. —Detail of distilling tubes and high-pressure transfer unit 





























































Shepherd] 


Separation of Gases by Distillation 


233 


densate, transfer to the manometer, transfer back for a second 
measurement, and so on. 

The manometer has proved to be an extremely sensitive instrument, 
capable of detecting very small traces of impurities. 


4. DISTILLING SECTION AND HIGH-PRESSURE TRANSFER UNIT 

The distilling section of the apparatus is shown in figure 6. There 
are five distilling tubes ( D1 to Z?5), each connected to a barometric 
manometer. These have been described and procedures for their use 
given in considerable detail. 9 The present tubes are somewhat 
simplified by the removal of the inner thermocouple, a feature that 
proved to be more of a luxury than a necessity. The unit previously 
described is further modified by a system of overhead connections 
that permits alteration of the fractionating pattern formerly reported, 
if this seems desirable. 

The high-pressure transfer unit is the device shown at the extreme 
right of the apparatus. It is connected to the glass apparatus at the 
three needle valves (upper right) by means of a glass-to-metal joint. 
These valves are of the Stimson type and can be depended upon to 
withstand high vacuum. Gases from the apparatus can be condensed 
in the brass cylinder (lower right), and the whole transfer unit then 
isolated from the glass apparatus by means of one of the needle 
valves. The connections of the transfer apparatus are made of small 
copper tubing with silver-soldered joints. The entire metal portion of 
this unit is tested to 10,000 lb/in 2 . Condensate in the brass cylinder is 
allowed to vaporize slowly into an evacuated cylinder, also fitted with 
the Stimson type needle valve. During this procedure, the pressure 
within the system is registered on the Bourdon gage (upper right). 
Gases can thus be collected and stored at high pressures without 
contamination. 

The connections are so arranged that: 

1. The distilling section can be opened directly to the differential 
manometer, and thence to the condenser section, evacuated receivers, 
high-vacuum pumps, etc. 

2. The distilling section can be connected directly to the gas¬ 
measuring section, and thence to the rectifiers, etc. 

3. The distilling section terminates in an interchangeable joint 
which permits connection to auxiliary apparatus or storage reservoirs. 

4. The high-pressure transfer unit connects directly to the con¬ 
denser section, and thence to other sections and the vacuum pumps. 

5. DETAIL OF CONNECTIONS FOR BURETTES, RECTIFIERS, MANOM¬ 
ETERS, CONDENSERS, RECEIVERS, DIFFERENTIAL MANOMETER, 

DISTILLING TUBES, AND HIGH-PRESSURE TRANSFER UNIT 

Figures 7 and 8 show in detail the most important connections 
between the various separate units of the apparatus. The line 
drawing (fig. 8) was made by inking directly over the photograph 
(fig. 7) and then removing the emulsion with a cyanide solution, thus 
leaving the inked flow diagram, which is accordingly a definite to-scale 
key of the photograph. The flow diagram shows only the most 
important connections on the high-vacuum side of the apparatus. 
Auxiliary l ines on the low-vacuum side, by means of which mercury 

• Martin Shepherd, BS J. Research 2, 1145 (1929) RP75. 
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is raised and lowered in reservoirs, etc., are not shown in figure 8 
since the actual arrangement of these connections must be obvious 
and their location is relatively unimportant. These auxiliary con¬ 
nections will be discussed separately. The connections of the auto¬ 
matic sampling pump are not shown, although the important con- 






• •» 

2 

© 

CO 

a 

© 

a 

o 

© 






e 


o 


rO 


CO 

© 

a 


>> 

> 

Q3 

© 

43 


© 

13 

U4 

© 

P« 

o 


>> >> 


© 

cC 

o 

^5 • 

It 

P. - 

• m. 

a co 

32 0* 
o p 

gp 

a o- 

O-- 


© © 


© 


P 
o 


aS 

ii 

a - 

I -.* 42 

Sir 

p/p 


CO 




© 


!!!! 

co^r* ©4-> 

„Q . * p 

co O © 

-o a 
2>oS 

33*8 

•S £&* cj 

£ fc ’ c5 o 

m © aS 

2 OD c3 *J 
— £ 

O 

blD ~ © 

o 3 


ncctions to the inlet and outlet of this pump are indicated in figure 8. 

A careful study of these two figures will reveal the actual traffic 
control possible. The various combinations available, which have 
already been enumerated in the previous discussion of the separate 
sections of the apparatus, will become easily apparent. Enough in¬ 
formation is given to permit a reasonable reproduction of this portion 
of the apparatus. 
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.On? feature of construction is important and should be noted. 
All the stopcocks used in this and other parts of the apparatus which 
are subjected to relatively high vacuum are simple oblique-bore cocks 
No so-called “three-way”, T, 120°, or other multiple-lead cocks are 
employed. Our experience has been that the simple cock when 
properly made and lubricated can be trusted not to leak across the 
boie, the other types cannot always be depended upon in this respect. 
Ihe stopcock used for this type of work is illustrated in figure 9. 


6. PUMPS, AUXILIARY LINES 

There are six pumps connected to this apparatus. One pump is 
the automatic mercury-displacement unit already mentioned. This 
acts as a backing pump to one of the two mercury-vapor pumps con- 
nected to the apparatus. The second mercury-vapor pump is con- 



Figure 9.— Drawing of stopcock for parts of apparatus subjected to low pressures. 
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nected near the differential manometer, so that it may be used when 
this section of the apparatus is isolated for a purity test. Both of the 
mercury-vapor pumps are connected so that they may be used to 
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Hyvac pump to the two mercury-vapor pumps. The exhausts of all 
Hyvac pumps are piped to a manifold that discharges mercury vapor 
to the outside air. 

7. APPARATUS SUPPORT 

The whole apparatus is mounted on an iron frame constructed from 
%-inch rod. This is mounted on the bench with flanges and braced 
with diagonal pieces at the back to prevent rocking. The whole is 
sufficiently rigid to eliminate the necessity of expansion joints in the 
glass connections. The tubing is held by comparatively few small 
cast clamps which are in turn held by standard V-clamp holders. 
Wing-tipped bolts have been replaced with hexagon-tipped bolts to 
fasten the clamp holders to the frame; this conserves space. The 
reservoirs containing mercury are mounted in plaster in special forms. 
We have used this type of mounting for over 20 years and find it very 
satisfactory for apparatus of this kind. 

III. GENERAL PROCEDURES FOR ANALYTICAL 

SEPARATIONS 

1. ISOTHERMAL DISTILLATION 

Isothermal distillation was so thoroughly covered in BS Research 
Paper 75 (BS J. Research 2 , 1145 (1929)) that any treatment given 
here would be an unnecessary repetition. There is no difficulty in 
adjusting the simplified apparatus to the procedures already described 
in detail. The sections of the present apparatus to be used for iso¬ 
thermal distillations are the gas-measurement section, differential 
manometer, and distilling-tube section. The uncondensed fractions 
can be collected with the automatic displacement pump, unless the 
operator has the good fortune to have liquid hydrogen at his disposal. 

2. RECTIFICATION 

If the amount of sample available is sufficiently large, preferably 
great enough to yield about 30 ml of liquid for distillation, the separa¬ 
tion can best be conducted in the rectifying columns. The third col¬ 
umn ( R3 ) is designed to handle 30 ml of condensate; the fourth (R4) 
will operate with 2 to 10 ml of condensate. In addition to one of these 
two rectifying columns, the condensers, receivers, manometers, burets, 
and differential manometer, in a predetermined combination, may be 
employed. There are several procedures which can be used. They will 
be outlined separately. 

Procedure 1 . —This is the simplest choice, and is the kind of pro¬ 
cedure generally used in this type of analysis. It has been discussed 
at length by Podbielniak, McMillan, and others. 10 As applied to 
the present apparatus, it is as follows: The sample to be analyzed is 
introduced (prior to measurement) into the evacuated apparatus at 
the inlet of the boiling pot (not at the top of the column as usual) and 
there condensed at the temperature of liquid air. The portion which 
does not condense at this temperature passes up the column and 
through the condenser at the top, which is also cooled by liquid air, 
at a temperature several degrees lower than that of the bottom pot. 
Thence it is allowed to escape very slowly through the barely opened 

*° W. J. Podbielniak, Ind. Eng. Chem., Anal. Ed. 3, 177 (1931). W. A. McMillan, J. Inst. Petrol. Tech. 

R, 616-45 (1936). 
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needle valve, VI (fig. 8), into one of the evacuated receivers ( F4 ). 
The pressure in the condenser of the rectifier is registered on the 
manometer, M2, and that within the receiver is registered on the 
barometric manometer, MS. During this operation the rectifier 
becomes charged with reflux from the condenser at the top. The 
contact point of manometer M2 is adjusted to the desired distilling 
pressure, usually atmospheric, and the distillation is allowed to pro¬ 
ceed smoothly while readings of the condenser temperature and 
receiver pressure are taken simultaneously. The isobaric condition 
is maintained by adding liquid air to the jacket of the condenser, and 
such adjustment of valve VI as can be made without upsetting the 
condenser temperature and the amount of reflux in the column. 
(This valve affords a variable orifice between the column outlet and 
the receiver, and is placed between the two manometers. It is a 
Stimson type vacuum-packed valve with an extremely fine-pitched 
thread on the stem and a graduated handle.) The heat input of the 
boiling pot offers the third control of the operation of the column. 

As one component boils off, the distillate ceases to enter the receiver 
and the condenser temperature slowly rises until it has reached the 
boiling point of the component next in order, at the pressure selected 
for distillation. If the drop counter indicates that the column is 
running dry during the separation of one component, valve VI is 
closed, the condenser temperature adjusted, the rate of boiling in the 
pot is increased, and, when reflux is reestablished, the distillate is 
again allowed to enter the receiver. The rate of distillation and 
reflux ratio will be determined by the nature of the mixture to be 
separated. In general, reflux ratios of about 10 to 1 are used, but it 
must be remembered that sharper separations are achieved by increas¬ 
ing this ratio and removing the distillate very slowly from the 
condenser. 

At the end of this procedure, the observed condenser temperatures 
are plotted with respect to the corresponding receiver pressures. 
The latter are, of course, direct measures of the volume of distillate 
in terms of pressure within a fixed volume, assuming that the tempera¬ 
ture of the receiver has remained constant or is corrected for; while 
the former are measures of composition in terms of the boiling points 
of the various components at the selected isobaric condition. The 
resulting curve would be a very sharp stairstep, with all vertical 
risers at right angles to the horizontal treads, if the separation were 
perfect. If the boiling points of the components are satisfactorily 
spread apart, a reasonably good stairstep curve will in fact be ob¬ 
tained. If the boiling points are too close, the curve which results 
must be subjected to mathematical analysis. In doubtful cases 
such analysis must needs invoke a geometrical thaumaturgy that 
leaves one in some doubt as to just what the facts are. This has been 
the experience of many investigators when dealing with complex 
mixtures containing saturated, unsaturated, and aromatic hydro¬ 
carbons, boiling from about —40° C to slightly above 0° C. We 
must frankly admit that this procedure is good as far as it goes, but 
that it does not achieve the distance usually desired. Aside from the 
objection mentioned, there is the further objection that some methane 
if present (and it usually is), will enter the receiver with the nitrogen 
and other lower-boiling gases, and cannot fully be accounted^for 

201547—41-5 
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unless separately determined in this fraction, usually by a volumetric 
combustion. The procedure is satisfactory for separating very simple 
mixtures, such as methane, ethane, propane, and butanes, provided 
the column has the efficiency of at least 30 theoretical plates. 

Procedure 2 .—This is a simple modification of procedure 1, and is 
designed to eliminate the objection in the separation of methane 
noted in the previous procedure. The first procedure is followed as 
before until the temperature of the condenser clearly indicates the 
removal of nitrogen and other uncondensed gases. The receiver is 
then shut off, a portion of the distillate is removed for analysis by 
combustion, and a correction is made on the plotted curve for the 
change in receiver pressure. The portion for combustion analysis 
is quickly removed by connecting the receiver to the 1,000-ml bulb 
of the gas-measurement section, using this bulb for a pump; or the 
automatic displacement pump can be used for this purpose. 

Procedure 3 .—This differs from the previous procedures in the follow¬ 
ing respects. Instead of allowing the condensable fractions of the 
distillate to enter the receiver, the separated components can be 
condensed in the series of condensers, and thence vaporized into the 
receiver one after the other at the end of the distillation. Since this 
entire operation may be done in a relatively short time, a correction 
for receiver temperature is usually unnecessary. In transferring 
the condensed distillates to the receiver, the procedure is as follows: 
Condensate in Cl (fig. 8) is vaporized into F4 and the pressure noted 
on MS. Condensate in C2 is transferred to Cl, C2 is closed, and 
condensate now in Cl is vaporized into F4, and so on. The volume 
of F4 and connections thus remains fixed. 

Procedure 4 -—This is a modification of procedure 3, and is designed 
to eliminate the guessing which is an undesirable feature of the previ¬ 
ous procedures in many cases. The distillation is conducted as in 
procedure 2 until the uncondensed gases are removed. Thereafter, 
procedure 3 is used until the first separations are accomplished and 
the distillates are all secured as condensates in Cl to C5 , and in D1 to 
D5 ii these tubes are needed as condensers. The data are now ex¬ 
amined to determine which distillates are in need of further separation. 
These distillates are then transferred to R3 and R4 and again distilled 
in order according to a regular fractionating pattern, until a satis¬ 
factorily sharp separation of the components is obtained in every case. 
Thereafter procedure 3 is resumed, and the now reasonably pure 
components are vaporized and measured one at a time as before. 
The purity of each component should be tested by means of the differ¬ 
ential saturation-pressure manometer, if the analysis is exacting. 
This is quite a different story from the relatively easy tasks required 
by the previous procedures, but unfortunately it seems to be the only 
way of obtaining the desired information when dealing with unobliging 
mixtures, provided, of course, the entire process is limited to the 
method of distillation. Since this procedure is exacting and tinie-con¬ 
suming, it would seem desirable to explore the field further with the 
assistance of other physical methods, such as thermal conductivity, 
interferometry, measurement of saturation pressures, etc., with the 
idea of determining the composition of binary mixtures yielded by the 
rectifiers. 
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IV. GENERAL PROCEDURES FOR PREPARATION OF 

PURE GASES 

1. NEED FOR AN ADEQUATE ACCOUNT OF THE PREPARATION OF 

A PURE GAS 

The preparation of a critically pure gas is difficult, and may well be 
the major task in an investigation of the chemical or physical properties 
of the gas. Because of the difficulty of preparing gases suitable for 
study, some investigators have accepted the products of other workers, 
together with the certification which might accompany them. Others, 
not so easily contented, have applied their own tests of purity to 
these products and corrected the eventual measurements as might 
seem desirable. Still a third group have rather liked the idea of 
producing their own gases, if merely for the privilege of obtaining a 
first-hand guess of how good or bad their material might be. 

The literature abounds in various measurements of the properties 
of gases, and measurements of the same property cannot invariably be 
expected to agree. Without doubt, one of the chief reasons for this 
lies in the fact that equally well-performed measurements have been 
made upon substances of slightly different compositions appearing 
under the same label. 

There are two stock phrases used to indicate the fact that a gas is 
pure. One is: “The gas was purified by fractional distillation.” The 
other is: “The purity was established by an isothermal condensation.” 
Either of these phrases seem6 to serve as a certificate of purity. The 
first is meaningless without adequate qualification; and the second, 
while worth-while, may nevertheless fail to prove the point. 

Consider the first phrase. Before it means anything, one must 
know what type of distillation was used, what kind of apparatus was 
employed, what various precautions were taken during the procedure, 
how many distillations or rectifications at what temperatures and 
pressures were performed, what proportions of the total sample were 
discarded as initial distillates and final residues, and, above all, what 
impurities were or might have been present before the purification 
was begun. For example, suppose carbon monoxide, prepared from 
the reaction of formic and sulfuric acids, was said to be pure simply 
because it had been “puiified by fractional distillation.” If air dis¬ 
solved in these two reagents had not been painstakingly removed 
prior to the generation of carbon monoxide, nitrogen would have 
been one impurity to be removed by distillation. Since the normal 
boiling points of nitrogen and carbon monoxide are about 0.5 degree 
apart, the purification of carbon monoxide by fractional distillation 
would be hopeless. The quoted claim for purity is accordingly 
insufficient. Another such example is the often cited purification of 
oxygen by fractional distillation. Oxygen generated chemically 
from reagents containing dissolved and occluded air will contain 
nitrogen. The nitrogen might be removed in an efficient rectifying 
column, but only with considerable effort attended by tremendous 
waste of the initial sample. On the other hand, its removal by plain 
distillation without rectification is doubtful. Certainly the stock 
phrase needs considerable amplification. In the end, if purification 
is effected solely by fractional distillation, the criterion of purity is 
usually stated only in terms of a boiling point (or boiling range) 
taken during the course of distillation. Since a quantitative deter- 
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mination of purity on this basis would impose severe restrictions 
upon the maintenance of pressure and the measurement of tempera¬ 
ture, this would again call for considerable and detailed amplification 
of the old phrase “purified by fractional distillation.” 

The second phrase means a great deal more, but it is nevertheless 
true that constancy of pressure during isothermal condensation is 
not always a good criterion of purity. The physical limitations of 
this method (which has been used for years as the final word in such 
matters) were discussed by E. W. Washburn. 11 

It would seem, therefore, that it is not only difficult to prepare a 
critically pure gas, but also difficult to judge from published reports 
just how pure were the gases dealt with in various investigations. 

We have initiated a program intended to measure the accuracy of 
methods of gas analysis. This work is to be done in a simple, direct 
way. First, pure gases will be prepared. Second, the purity of these 
gases will be determined to greater significance than can be measured 
by the analytical methods to be studied. Third, and finally, the gases 
will be analyzed by standard methods, and the comparison of the 
results with the known composition of the sample will thus give a 
direct measure of the accuracy of the analytical methods. For this 
reason we shall have occasion from time to time to certify the purity 
of gases used in these and similar investigations. It seems desirable 
to place on record a description of the apparatus and general procedures 
used in the purification of such gases. 

2. GENERAL PROCEDURES 

The complete previous history of a gas to be purified by distillation 
should be known in order to formulate a list of the known and sus¬ 
pected impurities occurring with it and so plan the actual procedure of 
distillation. The gas may occur as a natural product in mixture with 
other gases, as a concentrate from some physical or chemical process, 
or as the result of a deliberately planned chemical reaction in the 
laboratory. In the latter event, the first stage of purification is to 
plan the generating apparatus and procedure with the object of 
eliminating any gases dissolved or occluded in liquid or solid reagents 
used for generation or preliminary purification, provided that such 
gases have boiling points near that of the gas to be purified. This 
may usually be done by evacuation and simultaneous displacement 
with another gas which can be eliminated later, or by vacuum sublima¬ 
tion. An example of such technique has been described. 12 Liquid 
reagents are greatly to be preferred from this viewpoint; and if solid 
reagents are used, it may sometimes be necessary to dissolve them, dis¬ 
place the dissolved gas, and then evaporate the solvent. If solid 
catalysts are used at elevated temperatures, an extremely thorough 
and prolonged evacuation at a temperature higher than will exist 
during the subsequent reaction is in order. Such evacuation should 
always be continued until, with the vacuum pump shut off, no signifi¬ 
cant amount of adsorbed or occluded gas is given off during a period 
of longer duration than will later be required for the generation of the 
gas. Such a procedure may take weeks. 

11 Constancy of pressure during isothermal condensation or vaporization as a criterion of purity, Z. physik. 
Chem. (Cohen-Festband), p. 592 (1927). 

i* Martin Shepherd, E. R. Weaver, and S. F. Pickering, J. Research NBS 22, 301 (1939) RP1182. 


Shepherd] 


Separation of Gases by Distillation 


241 


When the gas is to be generated in a separate apparatus, it is advis¬ 
able to connect this directly to the distillation apparatus without 
rubber connections so that the whole will constitute a complete closed 
unit. The gas may then be taken in through one of the two inter¬ 
changeable joints, at the fifth distilling tube or above the third con¬ 
denser (fig. 8). The sections of the apparatus to be used for the puri¬ 
fication are: rectifiers, condensers, receivers, differential manometer, 
and possibly the high-pressure transfer unit. 

All parts of the apparatus involved in the purification are thoroughly 
evacuated until the pressure registered on the McLeod manometer is 
not over 0.0001 mm Hg after the vacuum pumps have been shut off 
overnight. The two mercury-vapor pumps are connected to the 
source of cooling water through a pressure regulator and by means of 
copper tubing cemented to the glass condensers of the pumps. The 
backing pump is connected to a large glass reservoir. This arrange¬ 
ment permits the safe operation of the pumps overnight, which greatly 
decreases the working time required for the preliminary evacuation. 
Even so, 70 to 150 hours are usually required for satisfactory evacua¬ 
tion. It should be remembered that glass and, in particular, the metal 
of the high-pressure transfer unit, liberate adsorbed gases grudgingly. 

After the initial evacuation, the gas to be purified is condensed 
directly into the boiling pot of Rl (fig. 8). The temperature of the 
top condenser of Rl is lowered somewhat below the boiling point of 
the gas to be purified (at the selected distilling pressure), and heat 
is applied to the boiling pot. When the column is properly charged 
and is refluxing liberally, the outlet is opened slowly through the valve, 
VI, to the vacuum pump. The initial distillate is discarded through 
this pump until the temperature within the condenser at the top of 
the column (hereinafter called the distilling temperature) has re¬ 
mained constant for at least 15 minutes under the isobaric condition 
chosen, the distillate having been discarded at a rate not greater 
than 0.5 liter per minute during this period. If this condition is 
obtained before one-twentieth of the liquid has been evaporated from 
the boiling pot, the distillate is nevertheless discarded until at least 
this much of the original condensate has disappeared. If the amount 
of gas on hand is abundant, it is best to discard the first one-tenth of 
the condensate at this time. In measuring the initial rates of dis¬ 
tillation, the distillate is taken into the evacuated glass reservoir 
connected to the backing pump, which is provided with a barometric 
manometer. If the capacity of this reservoir is exceeded, it may be 
quickly evacuated again to several millimeters pressure and so refilled. 

The distillate is next allowed to enter the largo receivers (FI to F5), 
one at a time, and the distillation may proceed thus until the distilling 
temperature begins to rise very slightly. The particular receiver in 
use at the moment is closed, and another is opened until the change 
in the distilling temperature gives positive evidence of the presence 
°? a higher-boiling component in the distillate. If the fluctuation of 
distilling temperature has been momentary, the desired gas may be 
saved by this procedure; if the change of temperature was permanent 
the distillate collected in the trial receiver is discarded, together with 
the rest of the residue in the boiling pot. The whole apparatus is then 
thoroughly evacuated. After evacuation, the distillate is admitted 
frorn one of the receivers until the pressure within the apparatus 
reaches 5 to 10 mm Hg. This washes the glass walls with approxi- 
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mately pure gas, a technique of flushing which is followed throughout 
the preparation of the gas. The apparatus is again evacuated, and 
is then read}^ for the second rectification. 

The distillate from all receivers is now condensed in the boiling pot 
of R1 , after which this rectifier is closed and the rest of the apparatus 
and the receivers are thoroughly evacuated. The condenser of R1 is 
then cooled, heat is again applied to the boiling pot, the column is 
charged, and reflux is established. During the entire course of the 
rectification which follows, the drop counter of Rl should discharge 
about 2 drops per second, the distillate should be taken away at a rate 
not greater than 20 liters per hour, and the heat input balanced to 
preserve this condition. The first one-twentieth of the entire conden¬ 
sate is discarded through the vacuum pump; and if the distilling 
temperature remains constant under the selected isobaric condition, 
the distillate is diverted to condenser C2 until 1 ml has been collected 
as a liquid. Then C2 is closed and the distillate is diverted to receiver 
Fl. While Fl is filling, the isolated condenser section is evacuated in 
order to remove gas in the connecting lines. When the receiver Fl is 
filled to a pressure about 10 mm less than the distilling pressure, it is 
closed and about 1 ml of distillate is collected as a condensate in C3. 
This condenser is then isolated, the distillate from Rl is diverted into 
F2 , and the line leading to the isolated condenser section is simultane¬ 
ously evacuated. When F2 lias been filled as was Fl , it is closed and a 
second 1-ml portion of distillate is condensed in Clj.. This procedure is 
continued until the receivers contain successive portions of the distil¬ 
late and the condensers contain successive small portions of condensed 
distillate taken after the filling of each receiver. The distilling tubes 
may be used as condensers if needed. When the distilling temperature 
begins to rise, the distillate and residue in the boiling pot are discarded. 
If the distilling temperature does not rise, the last one-twentieth of the 
original condensate is nevertheless discarded as residue. 

The differential manometer is now used to compare the saturation 
pressures of the distillate collected in C2 (initial distillate collected 
before any gas was stored in the receivers) with that of the last distillate 
taken as a condensate (final residue). If the saturation pressures of 
these two are satisfactorily equal, and so indicate the desired degree of 
purity, the gas in all the receivers may be considered good. If this is 
not the case, further exploration is made of the condensed distillates, 
and the resulting A p measurements will determine which receivers 
contain gas suitable for further purification or which may be sufficiently 
pure. 

If further rectifications are necessary, the procedure is exactly the 
same as for the second rectification, with the following possible excep¬ 
tions. Either Rl or R2 may be used. The latter has the advantage 
of being all glass, and thus eliminates the slight uncertainty associated 
with adsorption on the carborundum coating of Rl. It is not quite so 
efficient a rectifier, however. In a final rectification, the distillate may 
be collected as a condensate in Cl. Small portions of initial distillate 
and final residue are to be taken for test by the differential saturation- 
pressure method. This procedure has the advantage of eliminating 
again small uncertainties associated with adsorption on the large sur¬ 
face of the glass walls of the 22-liter receivers. True, the uncertainties 
associated with sorption-desorption throughout the apparatus are 
minimized by the washing and evacuating technique rigorously fol- 


shepherd) Separation oj Gases by Distillation 243 

lowed throughout; but for the most exacting work, collection of the 
distillate in Cl is preferable. 

It is recognized that these general procedures may have to be modi¬ 
fied to meet the peculiar demands of some mixtures of gases. If so, 
such modifications can be noted as necessary in following reports. 
The A p measurements obtained by the differential saturation-pressure 
manometer will always be noted in any published certification of 
purity. 

3. TRANSFER AND STORAGE OF PURE GASES 

Morley once said that the difficulty was not in thoroughly drying a 
vessel, but in keeping it dry. The same thought will apply to a pure 
gas, although the decided difficulty of getting it pure will justify a real 
effort to keep it so. For this reason, the technique of transfer by con¬ 
densation and subsequent vaporization has been selected as the 
preferred procedure—even when this involves the use of liquid hydro¬ 
gen as the cooling agent. In the absence of an adequate condensing 
bath, mercury displacement is employed. 

Some type of storage container must usually be interposed between 
the purification apparatus and that in which the gas is to be eventually 
used. If this container cannot be dispensed with, it must be a good 
one and properly used. The storage reservoir must be sealed directly 
to the purification apparatus, either by a fused-glass joint or by means 
of a ground-glass joint capable of withstanding high vacuum. The 
interchangeable joints 13 are very convenient and satisfactory if secured 
by a suitable thermoplastic cement of negligible vapor pressure. 
(Some of the interchangeable joints are satisfactory with a high- 
vacuum lubricant.) It is desirable to have the storage container 
joined to the apparatus during the purification of the gas. This gives 
the same opportunity that exists in the purification apparatus of 
flushing the storage vessel with successive portions of the gas as this 
becomes purer at each stage of rectification, with evacuation between 
such flushings. In any event, a final flushing with the pure gas and 
subsequent evacuation should precede the actual transfer of the gas 
to be stored. 

The storage reservoir should be connected to the apparatus into 
which it is to deliver the gas for use with the same care that was taken 
in connecting it to the purification apparatus. The apparatus to be 
used for making the measurements of the properties of the gas must 
likewise be prepared with the same care used in preparing the puri¬ 
fication apparatus. These obvious facts are often overlooked, espe¬ 
cially by investigators who have not prepared the gases themselves. 

Storage reservoirs must be equipped with stopcocks of the same 
quality as those used in the purification apparatus. The reservoirs 
may be of two types—those that deliver the gas under positive 
pressure, and those from which the gas must be removed by condensa¬ 
tion or mercury displacement. The first group includes metal 
cylinders. If these are used, the walls should be smooth and free from 
dirt and water. The valves must be of the diaphragm type or have 
special packing that will withstand high vacuum. (We have used the 
Stimson and Kerotest valves successfully.) The gas to be stored must 
not react with the metal of the reservoir. 

^ Commercial Standard CS21-39, Interchangeable Ground-Glass Joints, Stopcocks, and Stoppers, Fourth 
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On the whole, glass makes a better container when purity is at 
stake. Figure 10 illustrates four of the types of storage containers 
ordinarily used. Number 1 is the most useful, although somewhat 
heavy and not easily managed by one person. It consists of two 
inclined reservoirs mounted on an angle-iron frame. The lower 
reservoir holds approximately 2 liters of gas under atmospheric con¬ 
ditions. The stopcock at the top has a 120° bore, and one outlet is 
equipped with an interchangeable joint (male member). A mercury 
seal is placed in the two upper leads whenever gas is stored. The 
cock at the top of the upper reservoir may be connected to vacuum or 
air. A third cock at the bottom of the lower reservoir arrests the 
flow of mercury. Number 2 of figure 10 is a greatly cheapened and 
more portable form, made from a heavy-walled filter flask of 2-liter 
capacity. The operator must carefully watch the supply of mercury 
in the small reservoir at the top, and be sure that no vortex forms 
when this is admitted to the flask. Otherwise it is not apt to give 
trouble. Number 3-3 is still another form using mercury displace¬ 
ment. The flasks are 5-liter, heavy-walled, spherical, boiling flasks 
and the pair are mounted independently on convenient tripods, so 
that they may travel as separate units. One may be used as a 
mercury reservoir, the other as a gas reservoir. Number 4 is a 5-liter 
boiling flask, necked down and terminated with the newer type of 
stopcock which was previously noted at the top of glass-stoppered 
U-tubes. An interchangeable joint affords a convenient means of 
connecting. Gas is withdrawn from this container by condensation 
or mercury displacement, the mercury in this case being in the attached 
apparatus. Variations on this general theme will occur to suit the 
individual taste. 

V. COMMENT ON REPRODUCTION OF THIS APPARATUS 

In presenting this information, it is realized that instructions con¬ 
cerning the actual construction of the apparatus have been very 
general. Although a good idea has been given by the photographs 
and text, the exact duplication of the apparatus could scarcely be 
accomplished using the material here presented as the sole guide. 
In making the presentation so general, we have been acting on the 
strong conviction that no one will wish to reproduce the apparatus 
exactly as it stands. (In the event that is incorrect, the apparatus 
can be seen at our laboratory and the requisite number of detailed 
shop drawings made by the interested party.) It seems more than 
likely that any attempt to duplicate the apparatus would be largely 
in principle only, and sufficient information has been given for this. 
Aside from that, one’s imagination is apt to be as good as another’s. 

Washington, December 30, 1940. 
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Figure 10. —Storage reservoirs . 
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DETERMINATIONS OF HYDROGEN IN FERROUS MATE¬ 
RIALS BY VACUUM EXTRACTION AT 800° C AND BY 
VACUUM FUSION 

By Vernon C. F. Holm and John G. Thompson 


ABSTRACT 

Determinations of hydrogen in a variety of ferrous materials were made by 
vacuum extraction at 800° C and by vacuum fusion. The warm extraction 
method has the advantages of rapid operation and relative freedom of the evolved 
hydrogen from association with other gases. A high hydrogen content produced 
by heating in hydrogen at high temperature, or by electrolysis, is unstable at 
room temperature, but the hydrogen contents of commercial steels, after hot 
working and storage, were low and stable, and without segregation. Steels 
with high chromium contents dissolve more hydrogen and retain it more tena¬ 
ciously than do plain carbon or low-alloy steeis. 
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I. INTRODUCTION 

The presence of hydrogen as a possible constituent of ferrous 
materials has been recognized since 1863, when Devillc and Troost [1] 1 
published their results on the diffusion of hydrogen through iron. 
Three years later Graham [3] reported that meteoric iron ^evolved 
gases, chiefly hydrogen, when it was heated in a vacuum. Cailletet f 9 l 
obtained similar results, but a lack of reproducibility in his experi- 
ments led him to abandon the investigation. In the ensuing years 
the significance of the presence of hydrogen in ferrous materials has 
been widely discussed, with reference to such phenomena as the 
porosity of ingots; blistering of sheet metal; hardness and brittleness 
of electrodeposits; embrittlement during pickling; deterioration of 
steels in high-pressure reactions as in the synthesis of ammonia - and 

Wltl i r ° f ? renc ° t0 , the development of the defects known 
as shatter cracks in railroad rails and “flakes” in forgings In a 

current review entitled “Hydrogen, Flakes and Shatter Cracks ” 

^on r°f arK 8lmS ft 1 .! re 9 °rd the accumulation of a bibliography of 
500 references on this subject alone. h p y 

In contrast to this voluminous literature on the sources presence 
and effects of hydrogen m ferrous materials, information Tbout its 

' Figures in brackets indlcate literature references at the end of this paper. 
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quantitative determination in such material is scanty indeed. Most 
of the information on the effects of hydrogen has been obtained by 
indirect methods rather than by direct analysis of individual speci¬ 
mens. For instance, the effects on the properties have been identified 
as effects of hydrogen, mainly by a comparison of the behavior of 
duplicate specimens, one of which had been intentionally exposed to 
hydrogen at some stage in its history. The lack of information about 
the direct, quantitative determination of hydrogen can be attributed 
largely to the very small amounts of hydrogen, less than 0.001 percent 
by weight, that are present in ordinaiy ferrous materials. Such 
amounts of any constituent usually are considered to be too insignif¬ 
icant to justify the time and labor that are required for their quantita¬ 
tive determination, and the} r are generally reported only in “rounded” 
figures or as “traces.” This was the status of the determination 
of hydrogen until recent interest in the relation of hydrogen to the 
phenomenon of flaking in steel, particularly since the publication in 
1935 of the work of Bennek, Schenck, and Muller [9], showed the 
need for accurate determinations of amounts considerably less than 
0.001 percent. 

Most of the determinations of hydrogen which have been reported 
have been obtained by extraction of hydrogen from the specimen in a 
vacuum at temperatures either above or below the melting point 
of the specimen. The vacuum fusion method has been used for 
approximately 20 years for estimations of hydrogen in conjunction 
with determinations of oxygen and nitrogen. ~This method, although 
satisfactory for the determination of amounts of oxygen and nitrogen 
present ordinarily in steel, has not been sufficiently accurate for the 
determination of 0.001 percent or less of hydrogen. Chipman and 
Fontana [10] in 1935 reported that duplicate determinations of 
hydrogen might differ by as much as 0.0005 percent. In the coopera¬ 
tive study of methods for the determination of oxygen in steel [13] 
in 1937, four of the cooperators reported results for hydrogen by 
vacuum fusion. These results indicated that the hydrogen content 
of each of the eight selected steels was less than 0.001 percent, but a 
more accurate value could not be indicated. For example, the results 
for one steel ranged from 0.00005 to 0.00050 percent of hydrogen and 
for another from 0.00002 to 0.00060 percent. Agreement of the 
results of four analysts within 0.001 percent is highly satisfactory for 
general analysis, but leaves much to be desired when significant 
amounts may be only 0.0001 or 0.0002 percent. Obviously, an in¬ 
crease in precision and a decrease in the blank correction of the 
vacuum fusion method were desirable for the determination of hydro¬ 
gen, and some progress along these lines has been made since 1937. 
Sloman [18] described a vacuum fusion apparatus in which the 
hydrogen blank was so low that it could be ignored. 

Most of the determinations of hydrogen by vacuum fusion have 
involved inductive heating of the specimen, but Meyer and Willems 
[14] and Newell [22] have described graphite spiral furnaces for 
vacuum fusion, in which the blank was low enough to permit satis¬ 
factory determinations of hydrogen. Newell reported that the blank 
for his apparatus did not exceed 0.00005 g of hydrogen per hour. 

One difficulty in the determination of hydrogen by vacuum fusion 
is that the volume of carbon monoxide and nitrogen evolved is much 
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greater than the volume of hydrogen. The problem then is to de¬ 
termine a small amount of hydrogen in the presence of large amounts 
of carbon monoxide and nitrogen. However, Graham’s [3] observa¬ 
tion, that the gas evolved from solid iron by vacuum extraction at red 
heat was chiefly hydrogen, suggested the possibility of the determina¬ 
tion of hydrogen in liydrogen-rich mixtures. This observation was 
confirmed by experiments of other investigators, which showed that 
hydrogen diffuses readily through solid steel at moderately elevated 
temperatures, whereas the diffusion of oxygen and nitrogen under 
these conditions is relatively slow. 

The vacuum extraction of hydrogen at relativelv low temperatures 
was developed into an analytical method by Korber and Ploum [6]. 
Their preferred temperature for the extraction was 400° C. They 
referred to their method as a “hot extraction” method, but, inasmuch 
as this term has been applied to the vacuum fusion method, which 
operates at temperatures above the melting point of iron, it seems 
desirable to identify the lower temperature method as a “warm 
extraction” rather than a “hot extraction.” 

Korber and Ploum used the warm extraction method to measure 
the hydrogen contents of ferrous specimens after pickling in acid and 
after cathodic charging by electrolysis. Bardenlieuer and Ploum [8] 
studied the hydrogen embrittlement of ferrous specimens. Sloman 
[18] determined hydrogen in cylindrical specimens about 1 cm in 
diametei, at 650 to 700° C, and decided that 1 to 2 hours was required 
for complete extraction. The amounts of hydrogen extracted from 
different specimens ranged from a trace to about 0.00050 percent, and 
the values were in excellent agreement with values obtained by 
vacuum fusion in an apparatus for which the hvdrogen blank was so 
low that it could be ignored. Newell [22] found that 600° C was a 
satisfactory temperature for the extraction of hydrogen from ferrous 
specimens, but that certain aluminum alloys did not <*ive off their 
hydrogen until they were actually molten. 

Two other methods, in addition to the vacuum fusion and warm 
extraction methods, have been proposed for the determination of 
hydrogen. Moreau, Chaudron, and Portevin [11] found that hydro¬ 
gen and other gases could be removed from metallic specimens bv 
ionic bombardment in an evacuated tube. This “cold” extraction 
was particularly applicable to surface films of gas, or to very thin 
specimens but thicker specimens could be heated by induction to 
increase the rate of hydrogen elimination. However, the results for 

•5} r( l? en m P 011 °btamed by this method were not in good agreement 

with those obtained by other procedures. The other meJhod Xch 

of Schwartz and Guiler [20], involves direct combustion 

of the finely divided sample m oxygen, with subsequent collection of 
water in a phosphorus pentoxide tube. Results for the hydrogen 
contents of some samples of steel and ingot iron were of the same 

as - t * 1 ? se obtained by vacuum fusion. 

th J 1 aDnhSftt ti of n tb ePOrted “ f this pape I was undertaken to study 
tne applicability of the vacuum fusion and warm extrartinn tyw v»r»rio 

to the determination of hydrogen in ferrous materials and to determine 

s^pTirboasr in reSUltS ° f ationi SS 
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II. APPARATUS 

The vacuum fusion apparatus and procedure were essentially as 
described by Vacher and Jordan [5], although split graphite radiation 
screens had been substituted for mullite screens, a three-stage high- 
capacity diffusion pump and enlarged connections to the furnace had 
been installed to permit more rapid removal of gas, and the absorption 
of gas was measured by means of the changes in pressure in the 
analytical train, rather than by weighing an absorption tube. 

In the usual operation of this vacuum fusion apparatus for the 
determination of oxygen and nitrogen, the empty crucible is outgassed 
at about 1,800° C until the pressure in the furnace does not exceed 
8X10" 4 mm of mercury. This requires outgassing for 1 to 2 hours. 
When the temperature of the crucible is subsequently lowered to the 
operating temperature, 1,625° C, the pressure in the furnace drops to 
the “base pressure” of not more than 1X10 -4 mm of mercury. A 
sample is dropped into the hot crucible, and the extraction of gases 
from the sample usually is completed in about 15 minutes. The 
furnace is then shut off from the analytical train, and the evolved 
gases are circulated through a copper oxide furnace and absorption 
train. Analysis of the gas mixture requires 30 to 45 minutes, after 
which the train is again connected to the furnace and another determi¬ 
nation started. The size of the samples for vacuum fusion is limited 
by the storage capacity of the apparatus for the total volume of 
evolved gases. The usual weight of sample is between 10 and 20 g, 
but smaller samples must be used if the gas content is high. 

In the routine operation of the apparatus, when the furnace is 
outgassed for 1 or 2 hours, the blank correction for oxygen and nitro¬ 
gen is low enough to permit satisfactory determinations of ordinary 
amounts of these constituents. The hydrogen blank is less than the 
blanks for either oxygen or nitrogen, but still is too high and too 
irregular to be satisfactory, because the amount of hydrogen to be 
determined is so small. It was found that extension of the outgassing 
period decreased the size and variability of the blank until, with 6 to 
8 hours of outgassing, the blank correction for 15 minutes was between 
0.000002 and 0.000004 g of hydrogen, which is equivalent to 0.00002 
to 0.00004 percent of hydrogen in the analysis of 10-g samples. 
Outgassing for 6 to 8 hours made the determination an extremely 
tedious affair, but seemed to be necessary if this vacuum fusion appa¬ 
ratus was to be used for the determination of hydrogen. The blank 
from the 1- or 2-hour outgassing period varies between 0.000006 and 
0.000015 g of hydrogen, which permits determinations of satis¬ 
factory precision to be made only when the hydrogen content of the 
sample is high, as in cathode electrolytic iron, which may contain 

0.0015 percent or more of hydrogen. 

The apparatus for the determination of hydrogen by warm extrac¬ 
tion is shown diagrammatically in figure 1. A specimen is suspended 
on a fine Nichrome wire in a vertical quartz tube, 1% inches in diam¬ 
eter and 10 inches long, which constitutes the furnace tube. Initial 
evacuation is attained in 5 minutes, by means of a rotary oil pump 
connected at B. When the pressure in the furnace has been reduced 
to about 0.01 mm of mercury, the oil pump connection is closed at B 
and opened at C, so that the furnace tube is evacuated for a second 
5-minute period, to about 0.0001 mm, by means of the rotary pump 
and a mercury diffusion pump in series. The specimen within the 
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furnace tube is then heated rapidly to the desired temperature by 
means of a high-frequency induction coil which is connected to a 
3-kva oscillator. The gases evolved from the sample are removed 
from the furnace by means of the mercury diffusion pump. When 
all of the gas has been transferred to the storage system, tbe furnace 
is shut off, and the accumulated gas is circulated through a tube 
containing hot copper oxide and then through an absorption tube 
which contains anhydrous magnesium perchlorate. The volume of 
hydrogen in the evolved gas is indicated by the decrease in pressure 
which accompanies the absorption of water vapor. 

Successful operation of the method depends upon the outward 
diffusion of hydrogen from solid steel. Consequently the thickness of 
the specimen, the temperature to which it is heated, and the time 



Figure 1 . — Apparatus for the determination of hydrogen by vacuum extraction 

at 800° C. 

A, Furnace tube; B, connection to oil pump or to air; C, connection to oil pump; D, mercury diffusion 
pump; E, reservoir; F, auxiliary reservoir; O, McLeod gage; H, copper oxide tube and furnace; and I. 
absorption tube filled with anhydrous magnesium perchlorate. 

required for complete extraction are interrelated. Pihlstrand’s 
data [15] show that the higher the temperature and the thinner the 
specimen, the less is the time required for complete extraction of 
hydrogen. However, the temperature and dimensions of the speci¬ 
men should be adjusted with respect to the size of the furnace tube so 
that the walls do not become appreciably warm during a run. 

An operating temperature of about 800° C, determined by visual 
inspection of the sample and by occasional pyTometric observations, 
was selected. Six minutes at this temperature was found to be 
ample for the extraction of gases from specimens up to 5 mm in thick¬ 
ness, and 15 minutes was enough for specimens between 5 and 13 mm 
in thickness. Figure 2 shows the rate of evolution of gas from 
specimens of different thicknesses. A blank correction was applied 
to each of the observed pressure values, so that each of the plotted 
points represents the pressure (or amount) of gas evolved from the 
specimen. Each of the curves rises rapidly at first and then tapers off 
to a constant value, which represents complete extraction. A con¬ 
stant pressure is not obtained in an actual run where the continuous 
evolution of blank gas causes the pressure to increase continuously, 
even after all of the gas has been extracted from the sample. The 
lact that extraction of gas from a sample 13 mm thick was so nearly 
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complete in 15 minutes is in agreement with the calculations of 
Pihlstrand [15] and the observations of Newell [22]. An extraction 
period of 1 or 2 hours, as recommended by Sloman [18], seems to be 
unnecessarily prolonged, even though Sloman’s extraction temperature 
was only 650° to 700° C. 

The gases which are collected in the analytical train consist largely 
of hydrogen. Analysis of a number of gas mixtures showed that the 
proportion of hydrogen in the evolved gas varied from 50 or 60 per¬ 
cent to as high as 80 or 90 percent, depending upon the previous 
history and hydrogen content of the specimen. 

The optimum size of sample depends upon its hydrogen content 
and to some extent upon its shape, but samples up to 40 g in weight 
have been treated successfully in the apparatus. On the other hand, 
a 5-g sample of cathode iron may evolve as much gas as can be accom¬ 
modated in the storage reservoir. Samples are cleaned just before 
a determination, either by lightly grinding on an emery wheel or by 
immersing for about 20 seconds in diluted hydrochloric acid (2+1) 
and then flushing with tap water. The cleaned specimens are rinsed 
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Figure 2. —Rate of evolution of gan at 800° C from specimens of different thicknesses. 

A, Specimen 4 mm thick with high content (0.0016%) of hydrogen; B, specimen 5 mm thick with moderate 
content (0.00037%) of hydrogen; and C, specimen 13 mm thick with moderate content (0.00031%) of 
hydrogen 


with alcohol and dried with ether. In repeated determinations on 
the same specimen, the results were not affected by the method of 
cleaning. Light grinding is preferred for most of the specimens, 
but pickling is more convenient if the surface is rough or irregular. 

The blank correction for the apparatus was determined by duplicat¬ 
ing the conditions of an actual run, except that an outgassed sample 
from a previous run was used instead of fresh material. The out- 
gassed sample was exposed to the air between determinations and 
was cleaned and washed just before the determination. Conse¬ 
quently, the blank correction included any gas or moisture that may 
have been adsorbed on the surface of the sample. To minimize the 
effect of variations in atmospheric humidity, the air that was ad¬ 
mitted to relieve the vacuum in the furnace before it was opened for 
admission of a specimen was dried by passing through anhydrous 
magnesium perchlorate. 

The hydrogen blank for this apparatus is of the order of 0.000007 g 
of hydrogen for a 15-minute run. This is only slightly larger than 
the best hydrogen blanks for the vacuum fusion apparatus, which 
were obtained by extended outgassing at high temperatures. Some 
variation of the blank for the warm extraction apparatus was observed 
at different seasons of the year. For example, during the humid 
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summer months the blank amounted to about 0.000010 g for a 15- 
minute run, whereas in winter operation the blank might be as low as 
0.000005 g. Blank determinations made on the same day agreed 
within ±0.000001 g, so that one blank determination per day was all 
that was necessary in a series of similar samples. The size of the 
samples, from 5 to 40 g, did not affect the blanks beyond the range of 
seasonal variations. The results of several analyses showed that 
hydrogen constituted 25 to 35 percent of the blank gases. 

III. DETERMINATIONS OF HYDROGEN BY WARM 
EXTRACTION AND BY VACUUM FUSION 

Determinations of hydrogen in a variety of materials showed that 
the results by both methods were in good agreement whenever the 
hydrogen content was high and stable. For example, the hydrogen 
content of a piece of cathode iron was 0.0014 percent by vacuum fusion 
and 0.0015 percent by warm extraction. The reproducibility of 
results by each method in the determination of such amounts of 
hydrogen, judged by the agreement in repeated determinations by the 
same method, was about ±0.0001 percent. This variation was 
considerably greater than that of the blank correction for either 
method, but the over-all precision of each determination was good 
enough for the determination of these amounts of hydrogen. The 
agreement in results by two methods furnishes some evidence of the 
accuracy of both methods, at least for the determination of relatively 
high hydrogen contents. 

When attention was turned to the analysis of steels with lower 
hydrogen contents, 0.0001 percent or less, the agreement in results 
was not so satisfactory. Results of determinations by vacuum 
fusion usually were somewhat higher and decidedly more variable 
than those obtained by warm extraction. For example, a series of 
determinations on a rod of ingot iron yielded values from 0.00000 to 
0.00028 percent, with an average of 0.00018 percent by vacuum fusion, 
whereas values by warm extraction ranged only from 0.00000 to 
0.00003, with an average of 0.00002 percent. In a sample of low- 
carbon steel, determinations by vacuum fusion ranged from 0.00000 to 
0.00015, with an average of 0.00012, whereas the range of determina¬ 
tions by warm extraction was 0.00003 to 0.00007, with an average of 
0.00004 percent. In determinations on a number of simple steels, 
duplicate determinations by warm extraction usually were within the 
range of ±0.00001 percent and seldom were as far apart as ±0.00002 
percent, whereas duplicate determinations by vacuum fusion usually 
were within the range of ±0.00005 percent but occasionally varied 
as much as ±0.00015 percent. 

Evidently the over-all precision of the vacuum fusion procedure is 
less than that of the warm extraction procedure although the vacuum 
fusion blank is the lower and more precise. The lack of precision in 
the vacuum fusion determinations, in spite of the low blank correction, 
can hardly be an indication of segregation of hydrogen in the sample 
material, in view of the precision obtained with the warm extraction 
method when using the same sample material. A plausible explana¬ 
tion of the lack of precision in the vacuum fusion determinations lies 
in the uncertainty that is inherent in the procedure used for the 
analysis of the gas mixture. This procedure depends upon deter¬ 
minations of the differences in pressure which accompany the absorp- 
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tion of hydrogen in the form of water vapor from the gas mixture. 
If the amount of hydrogen, or the proportion of hydrogen in the gas 
mixture, is large, the changes in pressure which accompany the ab¬ 
sorption will be appreciable and can be determined with reasonable 
precision. But if the amount of hydrogen is small, and particularly 
if the small amount of hydrogen is diluted with large amounts of 

and nitrogen, then the determination of hydrogen requires 
accurate readings of very small changes in large volumes (or pressures). 
Confirmation of this hypothesis is found in the fact that the least 
precise results were obtained in anatysis of materials, such as ingot 
iron or high-nitrogen steel, in which the total gas content limited the 
size of the sample, and thus limited the amount of hydrogen that was 
to be determined in the presence of large amounts of oxygen or nitro¬ 
gen. Revision of the analytical procedure, perhaps with the substi¬ 
tution of gravimetric for pressuremetric determinations of hydrogen, 
probably would improve the precision of the determination, but, 
because of the success achieved with the warm extraction method, 
this revision was not attempted. 

The precision of the warm extraction method appeared to be satis¬ 
factory for the determination of both high and low hydrogen contents, 
and its accuracy was indicated for high hydrogen contents by agree¬ 
ment with results by vacuum fusion. Some indication of the accu- 
racy, as well as the precision, of determinations of low hydrogen 
contents by warm extraction was desired, and, in the absence of an 
independent method for check determinations, attention was turned 
to the possibility of preparing standard samples, that is, samples of 
known hydrogen contents. 

Data for the solubility of hydrogen in solid iron at elevated tem¬ 
peratures have been reported by several investigators [4, 7, 16]. 
These data suggested the possibility of preparing specimens with 
known and determinable hydrogen contents by rapidly quenching speci¬ 
mens which had been saturated with hydrogen at elevated tempera¬ 
tures. Accordingly, thin slabs of remelted electrolytic iron were pre¬ 
pared, 2 to 5 mm in thickness and usually between 15 and 20 g in 
weight. Each of these specimens was held for 1 hour at a definite 
temperature in an atmosphere of hydrogen and was then quenched in 
water, cleaned, dried with alcohol and ether, and analyzed at once 
for hydrogen. The extraction of hydrogen for the analytical deter¬ 
mination usually was started within 30 minutes of the beginning of 
the quenching operation. 

A comparison of the results of these experiments with the solubility 
data [4, 7, 16] is shown in figure 3. Both curves show that the solu¬ 
bility of hydrogen increases with increasing temperature and that 
there is an abrupt change in solubility in the region of the A 3 trans¬ 
formation. However, the determinations on the quenched specimens 
invariably are less than the values from the solubility curve, and the 
divergence of the two curves increases with increasing temperature. 
At 800° C approximately 80 percent of the theoretical amount of 
hydrogen is recovered from the quenched specimen, but at 1,200° C 
the recovery is only about 75 percent. Similar results have been 
obtained by Bardenheuer and Ploum [8], and their inability to obtain 
100-percent recovery was ascribed to failure of the sample to retain 
the theoretical amount of hydrogen until the analysis was started. 
The quench is not instantaneous and the diffusion of hydrogen at 
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elevated temperatures is rapid. Bardenheuer and Ploum showed that 
the surface layers of quenched specimens contained less hydrogen than 
did the interior. Undoubtedly some hydrogen is lost from the speci¬ 
men while it is cooling during the quench, and experiments showed 
that further losses of hydrogen from quenched specimens may occur 
during storage at room temperature. Under these conditions, recov¬ 
eries of 75 to 80 percent of the theoretical amounts of hydrogen prob¬ 
ably represent 100-percent recovery of the hydrogen contents of the 
sample at the time the analysis was made. 

Several experiments demonstrated the loss of hydrogen from 
quenched specimens during storage at room temperature, as has been 
reported by other observers [8, 12, 19]. For example, analysis of a 



TEMPERATURE, °C 

Figure 3. —Determinations of hydrogen in specimens of remelted electrolytic iron 

quenched after saturation with hydrogen at elevated temperatures. 

The clashed line shows the solubility of hydrogen in iron at various temperatures, as reported in the lit¬ 
erature [4 f 7, 16]. 


portion of a specimen immediately after the quench showed a hydro¬ 
gen content of 0.00041 percent. The rest of the specimen, which was 
7 mm thick, was exposed to the laboratory atmosphere. After 2 
days the hydrogen content had decreased to 0.00015 percent and 

er i days . ifc was on te 0-00009 percent. The latter value approaches 
the theoretical solubility at room temperature. Additional experi¬ 
ments showed that the loss of hydrogen from quenched specimens 
at room temperature is intensified by storage in a vacuum. For 
example, storage for 4 hours in a vacuum after 1 hour in the air 
lowered the hydrogen content of a specimen from 0.00049 to 0 00026 
percent, approximately the loss that would occur in 24 hours of storage 

J * 1 . • | <, ^ no appreciable loss could be detected 

during short periods of evacuation, such as are used in the operation 

ot low-temperature extraction apparatus. When the furnace was 

o V o a o C o U , a o ted f ° r5 /?T tes before Seating the specimen, a value of 
0.00049 percent of hydrogen was obtained; and when the preliminary 

evacuation was continued for 15 minutes, a value of 0.00048 percent 
was obtamed. 

291547—41 
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These experiments indicate that the major loss of hydrogen from the 
specimen occurs during the quench and that the subsequent loss will 
not be serious when analysis is made by the warm extraction method. 
However, it is evident that the determination of hydrogen should be 
completed as rapidly as possible. For example, determinations by the 
vacuum fusion procedure with the long outgassing period invariably 
yielded values of about 0.00010 percent, regardless of the temperature 
at which the specimen was saturated with hydrogen before quenching. 
Evidently most of the hydrogen in excess of the solubility at room 
temperature is lost during the long outgassing which is necessary to 
bring the blank correction down to a suitably low and constant figure. 

However, hydrogen does not always diffuse as rapidly at room 
temperature as the foregoing experiments indicate. For example, a 
specimen of 18-8 steel which had been in storage at this Bureau for at 
least 10 years still contained 0.00038 percent of hydrogen. A speci¬ 
men of this steel was quenched after heating in hydrogen at 1,100° C. 
Analysis immediately after the quench showed a hydrogen content of 
0.00071 percent, and after storage for 11 days in the laboratory at¬ 
mosphere the hydrogen content was 0.00072 percent. Evidently the 
solubility of hydrogen at 1,100° C is greater in 18-8 steel than in re¬ 
melted electrolytic iron, and the high hydrogen content of the 18-8 
steel is retained for 11 days, whereas the hydrogen content of quenched 
electrolytic iron decreased from 0.00041 to 0.00009 percent during 
storage for only 5 days. 

Unmelted electrolytic iron, i. e., cathode iron, also presents an inter¬ 
esting example of hydrogen which is relatively stable, although it is 
present in large quantities. The hydrogen content of cathode iron 
usually is about 0.002 percent, which is many times greater than any 
hydrogen content that can be produced by heating in hydrogen at 
high temperatures. Because these values are so much greater than 
the solubility at room temperature, it might be expected that cathode 
iron would lose hydrogen during storage even more rapidly than the 
quenched specimens, but this is not the case. As a matter of fact, the 
hydrogen content of cathode iron is stable enough so that accurate 
analyses, in agreement with results by warm extraction, can be made 
by vacuum fusion, even with the 6- to 8-hour outgassing period. 
However, the hydrogen content of cathode iron is not entirely stable, 
even though the loss during storage at room temperature is much less 
than that of quenched iron of the same composition. Analyses of 
portions of the same piece of cathode iron, over a period of 2 years, 
gave the following results: 

Percent 


June 1938_ 0. 0022 

January 1939_ . 0018 

June 1939_ . 0016 

September 1939_ . 0014 

June 1940_ . 0013 


It is well known that the hydrogen content of cathode iron is un¬ 
stable at elevated temperatures, i. e., hydrogen is readily removed 
from cathode iron by annealing or heating in a vacuum, as in the warm 
extraction method of analysis. It is interesting to note that cathode 
iron, which originally contained about 0.002 percent of hydrogen, con¬ 
tained only 0.00045 percent after it had been heated in hydrogen at 
1,100° C and then quenched. 
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In other experiments the hydrogen was extracted from specimens of 
remelted electrolytic iron by heating in vacuum at 800° C. The speci¬ 
mens were then charged with hydrogen by electrolysis, to see what 
hydrogen contents could be produced in this manner. The electrolyte 
was dilute sulfuric acid (0.1 N) y and the anode was a piece of platinum 
gauze. With current densities of 0.01 to 0.02 amp/cm 2 of cathode 
surface, electrolysis for 2 to 4 hours produced hydrogen contents of the 
order of magnitude of that of electrodeposited iron and greatly in 
excess of the solubility values. These hydrogen contents, however, 
are much less stable than that of electrodeposited iron. For example, 
the piece of electrodeposited iron cited in a preceding paragraph still 
retained 0.0013 percent of hydrogen after 2 years' storage, whereas 
the hydrogen content of a piece of cathodically charged iron dropped 
from 0.0030 to 0.0002 percent in 11 days. 

Electrodeposition evidently can produce hydrogen contents that 
are greatly in excess of the solubility value, when the hydrogen is 
deposited on the smooth surface of a solid piece of iron as well as 
when hydrogen and iron are codeposited, but the mechanism by 
which these high hydrogen contents are achieved is not clear. It is 
generally assumed that the hydrogen in electrodeposited iron may be 
present as molecular gas in cavities and discontinuities in the struc¬ 
ture of the iron, as atomic hydrogen which is piled up beyond the 
ordinary solubility values, or as water or iron hydroxide which has 
been mechanically entrapped during the deposition of the iron. The 
hydrogen contents of cathodically charged specimens should consist 
chiefly of atomic hydrogen. The hydrogen contents of electrodeposited 
iron and of cathodically charged specimens of iron may be approxi¬ 
mately the same, but the hydrogen in the former is more stable than 
in the latter. This suggests the presence of hydroxides or of structural 
discontinuities filled with molecular hydrogen in electrodeposited iron. 
If structural discontinuities in the metal are filled with molecular 
hydrogen by combination of diffused hydrogen atoms, and if this 
hydrogen is removed by warm extraction, it might be possible to 
refill the voids by extended heating in hydrogen. This, however, 
could not be done with either moist or dry hydrogen. In no case was 
a hydrogen content in excess of the solubility value produced in electro¬ 
deposited iron or in any other iron by heating in hydrogen. The only 
conclusions that can be drawn from these experiments are that high 
hydrogen contents can be produced by electrolytic action, but the 
hydrogen in electrodeposited iron is present in a form different from 

that of an equal amount of hydrogen in a cathodically charged 
specimen. 

IV. HYDROGEN CONTENTS OF SIMPLE STEELS 

After the reliability of the warm extraction method had been 
investigated, attention was turned to the determination of the hydro¬ 
gen contents and possible segregation of hydrogen in steels of com¬ 
mercial origin. The sample material consisted of sections of the 
rods of ingot iron and seven low-carbon steels which were used in the 
cooperative study of methods for the determination of oxygen [131 

Determinations of hydrogen by extraction at 800° C were made on 
specimens taken at 10-foot intervals along the length of each of the 
1-inch-diameter rods. Disks % and K inch thick were cut from the 
rods at appropriate locations, and a sample for analysis consisted of 
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a half disk % inch thick or both halves of a %-inch disk. Extraction 
at 800° C was continued for 15 minutes. The results of these determi¬ 
nations are shown in table 1. 

The determinations on samples from different points along a rod 
invariably were in as good agreement as was obtained for adjacent 
samples from the same location or for two halves of the same disk. 
There was no evidence of longitudinal segregation of hydrogen in 
these rods, and a few determinations on shell and core samples failed 
to reveal any evidence of transverse segregation. 

Table 1. —Distribution of hydrogen in long rods of steel 


Location from end 
of rod 

Hydrogen in steel— 

1 

2 

3 

4 

5 

6 

7 

ft 

20_ 

30_ 

40-- 

50_ 

60_ 

70___ 

80_ 

Average_ 

% 

0. 00002 
.C0002 
.00003 
.00001 
.00001 
.00003 
.00003 

or 

/ o 

0 . ooooo 
.00001 
.00003 
. 00000 
.00001 
.00000 
.00002 

% 

0. 00003 
.00004 
.00004 
.00002 
.00005 
.00004 
.00003 

% 

0.00001 
.00003 
.00001 
.00002 
.00004 
.00002 
.00000 

0. 00001 
. C0001 
.00001 
.00002 
.00003 
.00002 
.00004 

% 

0.00001 
.00002 
.00003 
.00003 
. 0CC03 
.00002 
.00003 

% 

0. 00001 
.00000 
. 00002 
.00002 
.00001 
.00003 

0. 00002 

0.00001 

0. 00004 

0. 00002 

0. 00002 

0. 00002 

0.00001 


8 


% 

0. 00004 
.00004 
.00005 
.00003 
. 0C0C6 
.00003 
.00004 


0. 00004 


Steels 3 and 8 appeared to have slightly higher hydrogen contents 
than the others but the difference was slight. Apparently the hydro¬ 
gen content of each of these rods was determined by the previous 
history of heat treatment and hot working rather than by minor 
differences in composition. It is interesting to compare these results 
with the limited data for hydrogon that were available in the 1937 
report on the determination of oxygen. The present data consist 
entirely of small values in the fifth decimal place, whereas the earlier 
determinations range up to large values in the fourth decimal place. 
The uniformly low and consistent results by warm extraction demon¬ 
strate the precision of this method as compared with that of the 1937 
vacuum fusion technique. 

V. HYDROGEN CONTENTS OF MISCELLANEOUS FERROUS 

MATERIALS 

The observation that a sample of quenched 18 chromium-8 nickel 
steel contained a high content of hydrogen and retained it tenaciously 
during storage for 11 days called attention to the reports of other in¬ 
vestigators [4, 7, 17, 19, 22] on the effect of alloying elements on the solu¬ 
bility and rate of diffusion of hydrogen. Accordingly, determinations 
before and after heating in hydrogen were made on some plain and 
alloy steels. The results are shown in table 2. 

The material for samples 1 to 8 was in the form of hot-rolled rods 
approximately 1 inch in diameter. Materials 9 to 11 were forgings, 
and materials 12 and 13 were cores from billets which had been milled 
to prepare two of the Bureau’s Standard Samples. Materials 14 and 
15 were 1-inch rods of similar composition but different heat treatment. 

The results from the first eight samples of the hot-rolled rods failed 
to show any correlation of composition with the hydrogen content. 
After heating in hydrogen at 1,100° C, the quenched specimens con¬ 
tained about the same amounts of hydrogen, usually a little less than 
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the remelted electrolytic-iron specimens shown in figure 3. The vari¬ 
ations in these results and the occasional low values are probably the 
result of variations in the temperature of the hydrogen treatment and 
in the speed of quenching rather than the effect of any differences in 
composition. 


Table 2. —Hydrogen contents of some plain and alloy steels before and after 

annealing in hydrogen at 1,100° C 


Composition 


Sample 

No. 


Description 



1 . Ingot iron__ 

2 . Plain carbon steel. .. 

3 .do. 

.do.. 


5 _ 

6 _ 

_do_ 

.do.. 

7__ 

_do_ 

8_ 

_do... 

9. 

Allov steel. 

10.. 

_do_ 

11_ 

_do_ 

12.. 

_do. ___ 

13 

.do_ 

14. 

.do___ 

15- 

_do__ 


% 

0.01G 
.03 
.12 
. 17 
.20 
.22 
.42 
.43 

.34 

.39 

.30 

.31 

.0G 

.24 

.24 


Mn 


% 

0. 024 
.31 
.72 
.65 
.45 
.45 

1. 15 
.47 

.GO 

.66 

.58 

.28 

.56 

.37 

.28 



.82 

14 

17.6 

19.6 
19.6 


Hydrogen— 


In origi- After Hj- 
nal mate- annealand 
rial quench 


0 . 00001 
.00002 
.00004 
.00002 
.00004 
.00002 
. 00001 
.00002 

.00003 
.00002 
.00003 
.00005 
.00038 
.00001 
.00010 


% 

0. 00046 
.00031 
.00041 
.00037 
.00039 
.00035 
.00036 
.00033 

.00042 
.00045 
.00040 
.00075 
.00071 


The low-alloy steels, 9, 10, and 11, likewise had low hydrogen con¬ 
tents before treatment. After heating in hydrogen at 1,100° C, the 
samples contained 0.00040 to 0.00045 percent of hydrogen, similar to 
the values for irons and simple steels. Higher values, however, were 
obtained with specimens of higher chromium contents. Sample 12, 
with 14 percent of chromium, had a low initial content of hydrogen 
but retained 0.00075 percent, twice as much as the simple steels, after 
quenching from 1,100° C. Sample 13 likewise retained a large amount 
of hydrogen after heating and quenching. 

The high content of sample 13 (0.00038 percent) apparently reflects 
a lack of hot work in the previous history of this material. Two addi¬ 
tional specimens of the 18-8 type, which had been hot-rolled to 1-inch 
rod, were available. Steel 15, without any thermal treatment except 
that incidental to the hot rolling, contained 0.00010 percent of hydro¬ 
gen. This value resembles the hydrogen contents of the hot-rolled 
rods of simple steels rather than that of steel 13. Sample 14, which 
had been annealed for 8 hours at 735° C, subsequent to hot working, 
contained 0.00001 percent of hydrogen. Newell [22] found that ingots 
and castings frequently have high hydrogen contents and that hot 
working lowers these values. 

The data in table 2 therefore indicate that the hydrogen contents 
of hot-rolled steels usually are law and that the hydrogen contents of 
samples of 18-8 steel decrease with increasing amounts of hot work or 
annealing. The amount of hydrogen retained after heating in hydrogen 
at 1,100° C and quenching was not appreciably affected by variations 
in composition of the simple and low-alloy steels listed in table 2. 
The only effect of composition was that the steels with 14 and 18 
percent of chromium retained approximately twice as much hydrogen 
as the others. 
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VI. CONCLUSIONS 

1. The vacuum fusion method yields accurate results in the analysis 

ot materials, like cathode iron, which contain hydrogen in a stable form 

and in considerable amounts. With pressuremetric analysis of the 

gases, the method is not so satisfactory for the determination of the 

small amounts of hydrogen which are present in ordinary commercial 

steels, because of the difficulty of determining these small amounts of 

hydrogen m the presence of large amounts of oxygen and nitrogen. 

Unsatisfactory results are obtained in the analysis of samples which 

contain unstable hydrogen from electrolysis or from heating in hydrogen, 

because of loss of hydrogen during the extended outgassing that is 

necessary to bring the blank correction to satisfactorily low and 
constant values. 

2. The method of warm extraction at 800° C yields satisfactory results 
for a variety of steels of high and low hydrogen contents. Two advan¬ 
tages of this method are (1) Speed of operation, which improves the 
determination of fugitive hydrogen contents, and (2) evolution of 
hydrogen-rich gases from the specimen regardless of its contents of 

oxygen and nitrogen, which simplifies the determination of small 
amounts of hydrogen. 

3. The fugitive nature of hydrogen introduced by cathodic charging 
or by heating in hydrogen at elevated temperatures necessitates imme¬ 
diate analysis. Such materials lose as much as 90 percent of their 
hydrogen during a few days’ storage at room temperature. The high 
hydrogen contents of electrodeposited iron are more stable, but even 
this material loses hydrogen when the storage time is measured in 
months. High hydrogen contents produced by electrodeposition of 
hydrogen on the surface of solid metal are much more fugitive than 
similar contents produced by codeposition of iron with the hydrogen. 

4. Hydrogen contents of ordinary ferrous materials after extended 
storage at room temperature, particularly if they were hot-worked in 
fabrication, usually approximate the solubility of hydrogen in iron 
at room temperature and therefore are stable. 

5. Analyses of long rods of seven mild steels and an ingot iron fail 
to reveal evidences of transverse or longitudinal segregation of the 
hydrogen. 
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INFLUENCE OF GRINDING TREATMENTS ON THE SUR¬ 
FACE HARDNESS OF INTAGLIO PRINTING PLATES OF 
0.33-PERCENT CARBON STEEL 


By Harry K. Herschman and Frederick Knoop 


abstract 

A study was made of the surface-hardening effects in plates used for intaglio 
printing. These plates were of 0.33-percent carbon steels having different 
metallographic structures and finished under different grinding conditions. The 
influence of the following factors in the grinding conditions on the surface hard- 
ness of the steels was investigated: (1) cooling conditions during grinding, 
(2) grain size of the abrasive (3), depth of cut, and (4) rate at which the abrasive 
wheel passes over the specimens. Variations in the hardness of the steels at 
different levels beneath the ground surfaces were determined by applying dif¬ 
ferent loads on an elongated pyramidal-diamond indenter. The geometrical 
irregularities of the surfaces of the ground specimens, evaluated by the “tracer” 
method, were considered with respect to their influence on the accuracy of meas¬ 
urement of surface hardness by the indentation means employed and their 
relationship to surface hardness. 
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I. INTRODUCTION 

Incised symbols, inscriptions, and pictorial representations in steel 
plates intended for intaglio printing may be cut with an engraving 
instrument or impressed from a hardened steel roll bearing the em¬ 
bossed design. These processes of cutting and impressing are usually 
designated as “engraving” and “mechanical-transferring,” respect 
ively. -The lesponse of plate steel to the engraving and mechanical 

tre ^ men * s ls influenced by the geometrical as well as the 

significantly from that of the underlying steel, is one of the factors 
™' n ’ cd i t0 ha V ; / n important bearing in respect to this behavior 

of the surface layers. These effects may differ according to th! 
seventy of the plastic deformation and thermal effects caused by the 
finishing process and the response of the metal to work-hardening 
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This paper presents results of hardness tests with indentations pene¬ 
trating to different levels beneath the ground surfaces of plates of 
0.33-percent carbon steels having different metallographic structures 
and finished under different grinding conditions. This is one phase of 
an investigation of surface finishes being conducted by the National 

Bureau of standards in cooperation with the Bureau of Engraving and 
Printing. 

Because the depth of penetration of the hardening effect below the 
ground surface of the steel was very small, hardness measurements had 
to be confined to the surface layers at correspondingly shallow depths. 
The depths of penetration of the ball and the conical or pyramidal- 
diamond indenters used with the well-known Brinell, Rockwell, and 
Vickers testers were entirely too great for the purpose. The elongated 
pyramidal-diamond indenter recent^ developed at the National 
Bureau of Standards to permit the accurate measurements of indenta¬ 
tions made under small loads [1] 1 was used to evaluate the hardness 
changes in the surface layers of metals accompanying deformational 
and structural changes caused by grinding. The average depths of 
indentations made with this tool in the experiments were 0.0001, 
0.00015, 0.00025, and 0.00035 inch at loads of 100, 200, 500, and 1,000 
grams, respectively. 

It is evident that the more shallow the indentation, the more 
significant becomes the influence of the geometrical irregularities of 
the surface on the depth of penetration of the indenter. In the 
present study, the surface finishes of the specimen plates were evalu¬ 
ated by the “tracer” method. 

II. MATERIAL 

The 0.33-percent plain carbon steel investigated is typical of the 
steel used for rotary-press printing plates by the Bureau of Engraving 
and Printing. Other than iron, the significant constituents deter¬ 
mined by chemical analysis were as follows: 

Percent 


Carbon_0. 33 

Manganese_ . 55 

Phosphorus_ . 028 

Sulfur_ .027 

Silicon_ . 23 


All specimens for the various treatments were cut from a single 
plate of the steel to the dimensions 6 by 5 by % inch thick. Five 
specimens, each heat-treated to produce a different microstructure, 
were used for each of the grinding conditions described below. The 
microstructures are shown in figure 1. A layer, at least 0.020 inch 
thick, was removed by grinding from the test surface of each specimen, 
after heat treatment, to eliminate the oxidized or decarburized metal 
that might have developed in this portion during heat treatment. 

III. METHODS OF TEST 

1. GRINDING TREATMENTS 

All grinding tests were made on a hydraulically operated surface¬ 
grinding machine having a magnetic chuck of sufficient length to 
permit the simultaneous grinding of five specimens placed in tandem 
arrangement. In this manner, practically identical conditions were 

1 Figures in brackets indicate the literature references at the end of this paper. 
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maintained for all of the specimens during each grinding treatment 
The machine was equipped with controls for varying the table speed 
cross feed, and depth of cut, but the peripheral speed of the abrasive 
w wu W , as a PPr°ximately the same (5,600 feet per minute) for all tests 
Wheels of three different grit sizes were employed. All wheels were 
12 inches in diameter with cutting faces 1 inch wide. Further details 
of the wheels are given in table 1. 


Table 1. —Grinding conditions employed on specimens 


Grind¬ 
ing test 
desig¬ 
nation 


a.. 

b * 

c ’ 

d. 

e* 

(J- 


Abrasive-wheel specification 


fAlundum abrasive, No. 46 
\ grain, vitrified bond. soft. 

( Alundum abrasive, No. GO 
grain, vitrified bond, soft, 
open structure. 

(Alundum abrasive, No. 80 
grain, vitrified bond, soft, 
open structure. 

Alundum abrasive. No. 46 
grain, vitrified bond, soft. 
fAlundum abrasive, No. 46 
\ grain, vitrified bond, soft. 

i Alundum abrasive, No. 46 
grain, vitrified bond, soft. 
Alundum abrasive, No. 46 
grain, vitrified bond, soft. 


Table speed, 
ft/min, for 
cut num¬ 
ber >— 




i 

l 


45 

45 

35 


}35 

J35 

} 45 

) 70 


45 

45 

35 

35 

35 

45 

70 


Cross feed for cut 
number 


Wheel feed for cut 
number 1 — 


3 

4 

1 

2 

3 

4 

1 

2 

3 

4 



in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 



0.04 

0.01 



0.001 

. 0002 




45 

.02 

.02 

0.02 

0.01 

.0004 

.0003 

.0002 

.0001 

35 

25 

.02 

.015 

.015 

.01 ; 

.0004 

. 0003 

.0002 

.0001 

35 

30 

.02 

.015 

.015 

.015 

. 0004 

. 0003 

.0002 

.0001 

35 

30 

.02 

.015 

.015 

.015 

.0004 

.0003 

.0002 

.0001 



.010 

.010 



. 0002 

. 0001 



70 

- - - 

.010 

.010 

.0J0 


.0002 

.0001 

.0001 



’ Last cut indicated represents finishing cut. 

\ !^ gr0UD 3 £i°- 4 ? grit wheel - same ftS conditions test “a”. 

* Omurnf S rJ )r S l ! nd ^ 1 ° S ‘ 4 . G i ftnd , 60 "'heels, same as conditions “a” and “5” respectively 

all other t^?s y ’ ' 1S ' Wlthout ll( * uid coolant - A "<*** commercial grinding compound wasSmploy^i for 


Each wheel was mounted on a separate hub, which fitted within 
close tolerance on the spindle of the grinding machine. The wheels 
were carefully balanced to permit the interchange of wheels with a 
rmnimum influence of the vibration factor. Prior to each grinding 
test, the wheels were dressed with a sharp diamond tool 

„ nonwT 3 9 f .^“ding tests was made dry, that is, without the use of 
a cooling liquid. For all other tests, a commercial grinding compound 

fmm a Im-Z r 3 hqU I f ’° r “ coolant ”> w ? s fed in two opposite directions 
from a forced-circulation system to the cutting face of the wheel at 

approximately the area of contact with the specimen. A suitable filter 

in the circulation system effectively removed abrasive matter from the 

used liquid prior to its recirculation to the work. 

The specimens were dressed before each grinding test in order to 

than the initial cut for the following test, thus minimizing the influ¬ 
ence of the dressing treatment on the test results. 

Ihe effects of the following factors in the grinding conditions on 

surface hardness of the specimens were investigated: ( 1 ) oscillating 

s 0 s d rist n t ibi. F . urlher dctails ° f tha 
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2. HARDNESS INDENTATION TESTS 

Important factors influencing the accuracy of surface-hardness 
tests are the effect of elastic recovery on small indentations and varia¬ 
tions of this effect for metals of different hardness. It has been demon¬ 
strated that hardness measurements made with the elongated pyram¬ 
idal-diamond indenter used in this investigation are not significantly 
influenced by these factors [1]. Since, with different loads, the same 
indentation numbers are secured on metal of uniform hardness, the 
existence of hardness gradients in different levels of the surface layers 
is readily detected. 

Indentation determinations were made under four different loads, 
namely 100, 200, 500, and 1,000 grams, with the indenting apparatus 
described in a previous Bureau publication [1]. The time of contact 
of the indenter with the specimen for each indentation test was 20 
seconds. In every case the indentations were made with the long 
axis of the indenter approximately parallel to the direction of the 
grinding marks. The hardness indentation numbers were computed 
by dividing the load, in kilograms, by the unrecovered projected area, 
in square millimeters [1]. The constant Op, which relates the length 
of the indentation to its projected area, was 0.0694 for the indenter 
used. Decrease in identation number with increase in load was an 
indication of the depth of the hardening effect for the grinding treat¬ 
ment. Data supplementing this information were obtained by making 
similar indentation tests after the removal of layers from the ground 
surface by polishing with 3/0 emery paper under light pressures until 
the grinding marks were barely visible. The thickness of the surface 
metal thus removed was estimated by the measure of the depths of the 
grinding marks determined by the tracer method. 

Microstructural inhomogeneities of the specimens influenced the 
depth of penetration of the indenter. This is illustrated in figure 2 
by the differences in the sizes of the indentations in the ferritic- and 
carbon-rich areas, respectively. In order to secure a representative 
average value of each of the surfaces tested, 10 or more indentations 
were made with each load on the indenter. 

3. SURFACE MEASUREMENTS 

It was essential, for the proper interpretation of the results of the 
indentation tests, to evaluate the surface “roughness” of the ground 
specimens. Such data also served to reveal any existing correlation 
of the factor of surface finish with surface hardness. 

The profilometer, embodying the tracer principle, used for evaluat¬ 
ing the surface finishes did not directly determine the “peak to valley 
heights of the surface markings, which are characterized in figure 3, 
but rather indicated the root-mean-square average values in micro- 
inches (10~ 6 ) of the deviations from the nominal surface. According 
to Abbott [2], the actual “peak to valley” heights are 3 to 4 times the 
root-mean-square values. The higher factor is considered moie 
nearly correct for the limits of finish dealt with in this study. 
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Figure 2.—Effect of microstructural inhomogcncity of steel on the magnitude oj 
indentation made with the elongated pyramidal-diamond indenting tool. 

indentation ami the* corresponding hardness indentation number for each of the areas 
indicated by letters in the micrograph were as follows: 


Area 

Predominating 
microstructural 
const it went 

Length of 
indentation 

Computed 

hardness 

indentation 

number 

A... I 

Ferrite... 

micro inches 

325 

135 

B_ 

Ferrite and pearl- 
ite_ 

305 

150 

c. . _ 

Pearlite. 

290 

171 


Etched in 1 -percent Xital. Magnification X100. 
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IV. RESULTS AND DISCUSSION 

The results of the indentation tests and the evaluations of surface 
“roughness” for each of the specimens prepared by the several grinding 
treatments are listed in table 2. The changes of indentation numbers 
with increased load on the indenter for the different grinding and heat 
treatments are shown in figures 4 to 8. These curves, in general, 
show a decrease of indentation number with increasing load. This 
indicates a decrease of hardness with increasing depths of the surface 
layers. These data must, however, be interpreted with respect to the 
influences of the geometrical characteristics of the surface finishes. 


Table 2. —Average surface-hardness values of 0.33-percent carbon steel specimens 
heat treated to develop different structural conditions : ( 1) “as ground,” ( 2) after 
removal of superficial layer of metal from ground surface by light polishing with 
3/0 emery paper 


Hardness indentation number (elongated 
pyramidal—diamond indenter) 2 3 


Grind¬ 
ing > 
treat¬ 
ment 


Speci¬ 

men 

identifi' 

cation 


Heat treatment 


As ground” surfaces Polished surfaces 3 Jjoii^of 


Test load, grams 


Test load, grams 


surface 

finish 


100 


1,000 100 200 500 1,000 


?. MB -8 

b . MB -8 

«. MBS 

d . MBS 

«. MBS 

f . MBS 

0 . MBS 

®. MB-A 

b . A/B-4 

c . . MB -4 

d . MB -4 

*. MB-4 

f . MB -4 

0 . MB -4 

®. MBS 

b . MBS 

c . . MBS 

d . MBS 

% . MBS 

f . MBS 

0 . MBS 

a h . MB-7 

b . MB-7 

c . . MB-7 

( t . MB-7 

£. MB-7 

r - . MB-7 

0 . MB-7 

J. MB -6 

° . MBS 

. . MBs 

C t . MBS 

e f . mbs 

. MBs 

0 . MBs 


neated to 1,925° F, held at tern- 
• perature for 1 hr, and furnace 
cooled. 


Heated to 1,600° F, held at tem- 
I perature for 1 hr, and furnace- 
cooled. 


Heated to 1,600° F. held at tem- 
) perature for 1 hr, and air¬ 
cooled. 


Heated to 1,600° F, quenched 
* in water, and drawn for 1 hr 
at 1,400° F. 


Heated to 1,600° F, quenched 
1 io water, and drawn for 1 hr 
at 1,200° F. 


222 

194 
188 
220 
175 
216 
216 

228 

195 
199 

209 
178 
208 
,236 

'241 

205 

210 
223 
188 
217 
i231 

254 

219 

215 

237 
209 
228 
,231 

295 

246 
232 

247 
222 
240 

238 


219 

177 

176 

198 
165 

196 

197 

207 
184 
179 
200 
175 

199 

203 

223 

208 
202 

209 
186 

210 
231 

253 

218 

218 

217 

204 
212 
219 

269 

236 

226 

246 

219 

243 

244 


191 

173 
176 
183 
161 
171 
182 

185 

171 
165 

172 
158 
178 
180 

214 

193 
189 
202 

174 

192 

194 

231 

195 
198 

205 

186 
198 

206 

241 

222 

216 

241 

222 

232 
224 


187 

157 

152 
164 
159 
164 
172 

176 
156 

153 
166 
1.50 

171 
168 

190 

189 

177 

187 

172 
186 
192 

208 

186 

188 
189 
182 
192 
198 

239 

222 

214 

233 
219 

234 

215 


178 

183 

177 

176 

196 


169 

170 
165 
184 
175 


159 

159 

163 

162 

172 


157 
152 
148 

158 
161 


193 
179 
177 

194 
189 


222 

187 

199 

210 

191 


235 

203 

206 

205 

207 


270 

207 

213 

219 

217 


194 

172 

169 

184 

175 


212 

184 

191 

200 

189 


230 

192 

202 

204 

201 


241 

207 

214 

216 

217 


177 

157 

160 

167 

161 


203 

182 

182 

193 

182 


214 

190 

189 

193 

189 


226 

208 

209 

228 

213 


165 

155 

153 
158 

154 


187 

170 

176 
180 

177 


202 

184 

183 

187 

183 


223 

202 

202 

226 

208 


rms 

10 -• in. 
6 to 9 

5 to 11 

3 to 6 
6 to 9 
6 to 8 

4 to 7 

6 to 10 

6 to 10 
8 to 14 

2 to 4 
6 to 9 

4 to 6 

5 to 7 

7 to 11 

6 to 11 

7 to 12 

3 to 5 

6 to 8 

4 to 7 

6 to 7 

7 to 9 

6 to 10 

8 to 13 
3 to 6 
6 to 9 

5 to 7 

6 to 8 
6 to 9 

6 to 9 

7 to 14 

3 to 4 
6 to 9 

4 to 6 

5 to 7 
7 to 10 


2 Eac h valin/cri grinding treatments. 

3 Polishing n,oi V6n ^e average of 10 or more readings. 

b "as continued until grinding marks were barely visible to unaided eye 
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LOAD GRAMS 

Figure 4. —Effect of different conditions of grinding on the surface-indentation 
( hardness) values of 0.33-percent carbon steel, furnace-cooled from 1,925° F 
(1,050° C ), as determined under different loads on the indenter. 

The curves in the upper portion of the figure indicate the surface-hardness values after removing a super¬ 
ficial layer of metal from each of the ground surfaces by light polishing with 3/0 emery paper. (See table l 
for details of test conditions corresponding to the grinding-test designations listed in the “key.”) 

Applying the factor of 4 to the surface-finish values given in table 
2, the average “peak to valley” heights of the surface contours were 
estimated to be about 0.000012 to 0.000024 inch for the smoother 
surfaces and approximately 0.00003 to 0.00005 inch for the coarser 
ones. Comparing the dimensions of the surface serrations with those 
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fllnaXTf SSKttKfy Hg e ht U pS“hin a g r w n ^ Jtf after "»<"«■« a super- 
for details of test conditions corresponding to tta rfHbSiffJOTSS ' able 1 


of the depths of the indentations made with the 100- and 200-s-rnm 
loads, it is apparent that only partial contact was maintained between 

Under such conditions, a longer fflSSSff would be^obtai^edThan 

mdentation numbers, particularly for the “ ereIor e, the 

doubtedly smaller thanVet^ 

decrease in mdentation number with increase in IncH fL^ d . ls , fcln ^ 
indicated that the hardening effect waJSperfidal (SgUr “ 4 10 8 > 



INDENTATION NUMBER 
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LOAD GRAMS 

Figure 6.— Effect of different conditions of grinding on the surface., ind 
( hardness ) values of 0.83-percent carbon steely air-cooled from 1,6UU r, k 
as determined under different loads on the indenter. 

The curves in the upper portion of the figure indicate surfaw-hardnws val^ ^ fte p a p “° V (sle*tetSel 

flcial layer of metal from each of the ground surfaces by light P?bsh\ns wt} 3/0 emery paper 
for details of tost conditions corresponding to gnnding-test designations listed in t y 
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LOAD GRAMS 


Figure 7. Effect of different conditions of grinding on the suriacp 


suj^ciaflayer^of metalof°the* 1 grooi^s^oMby HtehfSSr Jf rdDe ^. values after removing a 
taffe 1 for details of test conditions corres^nV Wd^ 


291547—41 


7 


INDENTATION NUMBER 
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LOAD-GRAMS 


Figure 8.— Effect of different conditions of grinding on the s 

{hardness) values of 0.33-percent carton steel, water-quenched from 1,600fu ^ 

and drawn at 1,200° F {650° C), as determined under different loads on me 


indenter. 

The curves in the upper portion of the figure> indicate papen (lee 

superficial layer of metal from each of the ground surfaces by J^t Polishmg wItn^u £ ,, } 

table l for details of test conditions corresponding to grind mg-test designations usee 
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Evidence in further support of this view was secured from the 
indentation tests on the specimens polished with 3/0 emery paper 
after grinding. The polishing treatments removed a thickness of 
metal from the ground surfaces equivalent to the “peak to valley” 
heights of the grinding marks, which in no case appreciably exceeded 
0.00005 inch. Despite the work-hardening effects of the polishing 
treatments, the results of the indentation tests on the polished surfaces 
were consistently lower than those for the ground conditions (table 2 
and figures 4 to 8). It is worthy of note that the variations of the 
individual indentation numbers from the average values were no 
greater for the “as ground” surfaces than for the polished surfaces. 
It is likely that the true differences in indentation number for corre¬ 
sponding loads between the ground and polished specimens were 
greater than indicated, because more complete contact was obtained 
between the indenter and the smoother polished surfaces. 

. Although the degree of finish may influence the accuracy of small 
indentation hardness tests of a metal, the results listed in table 2 did 
not show any correlation between hardness and degree of finish of the 
surface. In some cases, similar hardness numbers were obtained on 
the same specimen haring surfaces of significantly differing finishes 
produced with different grinding conditions (treatments b and c, table 
2). On the other hand, there were a number of tests in which different 
hardness results were obtained, despite the similarity of surface 
finish (table 2). 

The hardness curves (figs. 4 to 8) in most cases show that the factors 
of cooling, depth of cut, and grain size of the wheel significantly 
influenced the surface hardness of the steel. Within the limitations of 
the tests made, the surface hardening appeared to be independent of 
t ie mierostructural characteristics of the material. The differences in 
the indentation numbers of the “dry” and “wet” ground specimens 
(curves d and e, respectively) may be attributed in a large measure to 
the thermal influences, as the other factors controlling the work- 
hardening effects were the same for both cases. The hardness data 
obtained for the surfaces, which were ground under identical condi¬ 
tions except as to the depth of cut (curves a and d ), showed that a 
higher degree of hardening was obtained as the depth of cut was 
increased. The surface-hardening effect produced with the No. 46 
grain abrasive (curve a) was considerably greater than was obtained 

e 1 lth ? r Nos * 60 " ancl 80-grain abrasives (curves 
6 and c). The hardening effects produced with the last two abrasives 
were approximately the same. 

S ci‘r 7 SESS s uflu ““' T " e re8Ults * re 

V. SUMMARY 

Wnf^ 0 C ,f tran t fer P lat6S of ^'33-percent carbon steel bavin- dif- 
ferent metallographic structures were investigated to determine the 

he steef of „ d 5, erent B-nding conditions on the surface harTess of 
the steel Hardness indentation tests were made with different loads 

an elongated pyramidal-diamond indenter developed at the 



272 Journal of Research of the National Bureau of Standards [Voi.te 

National Bureau of Standards. The geometrical irregularities of the 
ground surfaces evaluated by the “tracer” method as the root-mean- 
square average deviation from a nominal surface were considered 
with respect to their influence on the accuracy of the hardness 
measurements. 

Experimental data are presented to show that the hardness of the 
surface metal, distinguished from that of the underlying metal, may 
be significantly influenced by (1) the cooling conditions during 
grinding, (2) the depth of cuts, and (3) the grain size of the abrasive. 
However, the rate at which the stone passed over the specimens did 
not appear to influence the hardening effects. 

The results obtained within the limitations of the tests suggested 
that surface hardness is independent of the geometrical condition of 
the surface. However, the accuracy of the measurements of surface 
hardness by indentation means may be influenced by the degree of 
finish of the surface. 

The hardening effects of the grinding treatments on the steel 
investigated did not appear to be influenced by differences of the 
microstructures of the material. 

The hardness data secured suggested that the most significant hard¬ 
ening effects of grinding are superficial and that these influences are 
progressively less for the successively deeper adjacent layers of 
the steel. 
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FREEZING TEMPERATURES OF HIGH-PURITY IRON AND 

OF SOME STEELS 


By Wm. F. Roeser and H. T. Wensel 


abstract 

The freezing temperature of high-purity iron (99.99-1- percent) in an atmosphere 
of helium was measured with an optical pyrometer and found to be 1,539° ±1° C. 
The same samples of iron were found to freeze 1° C lower in an atmosphere of 
hydrogen. In addition, the initial freezing temperatures in an atmosphere of 
helium of some irons of lesser purity and of some steels were measured to deter¬ 
mine the effects of various impurities and alloying elements. The results of 
measurements on 23 samples of irons and steels, together with the chemical 
analyses, are reported. The freezing-point depressions of the various elements 
are listed in a table which may be used to calculate the initial freezing tempera¬ 
tures (liquidus points) of iron containing many combinations of 17 elements, 
which include all those generally found in commercial irons and steels. 

The samples containing less than 0.1 percent of impurities were melted in beryl¬ 
lium oxide crucibles and the other samples, in all but two cases, were melted in 
crucibles of aluminum oxide. Temperatures were determined by means of an 
optical pyrometer sighted into refractory blackbodies immersed in the freezing 
metal. 
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I. INTRODUCTION 

The wide variety of purposes for which iron and steel are used 
makes their properties of the greatest importance. Furthermore 
numerous alloys with special properties are required to satisfy the 
needs of modern industry. It is for this reason that the effect of 
various impurities and alloying elements upon the properties of iron 
is of such great interest. The effect of such constituents upon any 
property of pure iron can be established only after the value of that 
particular property has been determined for pure iron. One property, 
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which is of particular interest to those investigating or producing 
iron or steel, is the melting, or freezing, point. 

Although many values for the melting point of iron have been 
reported, there is still some uncertainty regarding the melting point 
of pure iron, because iron of high purity has not been available for 
the measurements and because no determination under entirely 
satisfactory experimental conditions has been reported. Even after 
a relatively pure iron has been produced and its purity established, 
precautions must be taken to maintain its purity during the measure¬ 
ment of the melting point, because it is so readily contaminated by 
many crucible materials and gases during melting [l]. 1 

II. PREVIOUS WORK 

A summary of the various determinations of the melting or freezing 
point of iron since 1904 is given in table 1. Many of the earlier deter¬ 
minations are included primarily for their historical interest. In 
comparing the reported values in table 1 with one another, it should 
be borne in mind that in nearly all of these investigations one or more 
of the following conditions prevailed: (1) The investigators were 
primarily interested in establishing phase equilibrium or constitu¬ 
tional diagrams and were not primarily interested in an accurate 
determination of the melting point of iron. (2) The impurities re¬ 
ported were so great and so diverse that the various results can scarcely 
be considered as determinations of the melting point of the same 
material. (3) No consideration was given to gases, which have a 
significant effect upon the melting point. (4) The iron was subjected 
to contamination, particularly by gases, during the determination. 
(5) The temperature-measuring instruments used in the various 
investigations were not calibrated on the same basis. 

If a complete chemical analysis, including gases, had been given in 
each case, the value which each observer would have obtained on his 
particular temperature scale with metal of any specified purity could 
be computed from the effects of various impurities upon the melting 
point, but the analyses in most cases are inadequate to give any 
significance to such a calculation. It was decided to accept the values 
reported as applying to the melting point.of the particular iron used 
in the particular atmosphere employed, and to reduce the reported 
values of temperature to a common basis as far as possible. How¬ 
ever, even this adjustment has certain limitations. 

In most of the determinations listed in table 1, the reported value 
is based upon a calibration of the temperature-measuring instrument 
at either the melting point of nickel or the melting point of palladium 
with various values for each. The adjustment of the reported values 
to the same temperature scale requires the selection of one particular 
value for the melting point of nickel and another for the melting 
point of palladium. The two values selected for these two melting 
points must be on the same temperature scale. The procedure is 
questionable because there is no reason to believe that all the nicKe 
or all the palladium used in these calibrations melted at the same 
temperature and because there is no way of determining what tne 

respective values were. 

1 Figures in brackets indicate the literature references at the end of this paper. 




Table 1 .—Determinations of the melting or freezing temperatures of iron 
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Most of the values for the melting point of iron were determined 
with thermocouples. The difference between the iron and palladium 
points is so small, about 20° C, that this difference will be very nearly 
the same on practically any temperature scale. The difference be¬ 
tween the iron and nickel points, however, is large enough to make 
the extrapolation from one point to the other depend significantly 
upon the emf-temperature relation used. The values obtained with 
thermocouples calibrated with nickel, therefore, are subject to an 
additional uncertainty not present in those values determined with 
thermocouples checked with freezing or melting palladium. 

The values generally accepted for the melting points of pure nickel 
and pure palladium on the International Temperature Scale are 
1,455° and 1,554° C, respectively. Although the assumption that 
the various investigators had available nickel or palladium as pure as 
the metals used in establishing these points is very doubtful, the 
values reported for the melting point of iron have been adjusted on 
that assumption, as shown in the last column of table 1. This 
adjustment brings the values into much better agreement, reducing 
the spread from 53° to 22° C and the average deviation from 10° to 
5° C, and probably adjusts most of the reported values in the right 
direction but the uncertainties involved in the adjustment should 
be kept in mind. 

Three determinations in which relatively pure iron was used and 

in which the temperature scale employed is definitely stated deserve 

special consideration. These are the determinations of Burgess and 

Waltenberg [16], Jenkins and Gaylor [23], and Chipman and Marshall 
[24]. 

Burgess and Waltenberg reported a result of 1,530° C as the mean 
of two values by different methods, 1,533° C by the micropyrometer 
method in which the iron was heated on a platinum strip in hydrogen 
and 1,528° C by melting the iron in an Ausem furnace both in vacuo 
and in hydrogen. We attribute the lower value obtained in the Arseni 
furnace to carbon contamination from the furnace atmosphere and to 
poor blackbody conditions. Considering only the micropyrometer 
value, the adjusted value of Burgess and Waltenberg becomes 
1,537° C. 

Jenkins and Gaylor used several methods, including a crucible 
method with partially immersed blackbodies. They obtained a value 
of 1,527° C and reported that the presence of iron vapor interfered 
with their observations. In our opinion, the low value they obtained 
is not surprising in view of the arrangement of their blackbodies. 

Chipman and Marshall suspended strips of carbonyl iron in hy¬ 
drogen and melted them in a uniformly heated enclosure with the 
measuring junction of a thermocouple near the specimen of iron. 
The melting temperature was taken as the temperature at which 
drops of metal fell from the specimen. The value 1,535° C reported 
apparently applies for iron in equilibrium with hydrogen, inasmuch 
as the iron was heated very slowly as the melting point was ap¬ 
proached. Part of the difference of 4° C between this value and the 
value obtained in the present work is undoubtedly due to hydrogen, 
and it is also probable that the iron was slightly contaminated by 
silicon due to the reduction of the silica in the porcelain tube which 
was close to the sample. On the whole, however, their result and 
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the micropyrometer result of Burgess and Waltenberg are the two 
values to which the most weight should be given. 

III. PRESENT WORK 


1. MATERIALS 


The materials used in this work consisted of 2 samples designated 
as “high-purity” iron, 1 sample of slightly lower purity than the above, 
1 sample of Armco ingot iron, and 19 steels. 

The high-purity iron was prepared by Thompson and Cleaves [1] 
by reducing purified iron oxide to sponge iron, melting the sponge, 
and remelting first in hydrogen and then in vacuo. The samples 
used were taken from the ingots designated in their paper as numbers 
3 and 15 and have been numbered to correspond with the ingots 
from which they were taken. These ingots were examined spectro¬ 
scopically and by chemical methods for the presence of 55 elements. 
The impurities detected were chiefly sulfur, oxygen, and silicon, 
with lesser amounts of carbon, phosphorus, copper, hydrogen, and 
nitrogen. The total of impurities detected was less than 0.01 percent. 
The complete analyses of the ingots are given in the paper by Thomp¬ 
son and Cleaves. All of the impurities detected are listed in table 4. 

The sample of iron identified as Y in table 4 came to us indirectly 
from the Westinghouse Research Laboratory in 1934. The analysis 
of this sample as reported by that laboratory is given in table 4. 

The samples of Armco ingot iron and the 19 steels were machined 
from bars which had been used for the preparation of the Standard 
Samples corresponding to the designations given in table 4. The 
analyses, with the exception of the oxygen content of Sample 55, are 
those given in the February 18, 1935 Supplement to National Bureau 
of Standards Circular C398. 

No analyses were made of the samples after the freezing-point 
determinations. 


The temperature coefficient of electrical resistance of relatively 
pure materials will serve as a criterion of purity after a correlation 
between the two has been established. To provide data for such 
correlation for iron, we have given, in table 2, corresponding values 
for some of the samples used in this work. However, unless the wires 
are given essentially the same heat treatment before the measure¬ 
ments, differences in physical condition may mask the differences due 
to composition. 

The vdues in table 2 are the coefficients for the intervals 0° to 

(Bioo-/?o)/100B 0 , measured on wires 0.02 inch in diameter 
which had been heated in vacuo for 2 hours at 800° C. 


Table 2 .—Corresponding values of temperature coefficient of resistance and amount 

of impurities in iron 


Sample 

•Rioo-.Ro 

100Ro 

Impurities 

Weight 

percent 

Atomic 

percent 

3 and 15. 




Y.. .. 

U. UUuu* 

nn/j 4 4 

<0. 010 

<0.028 


.00590 

<.028 

.18 

<.081 

.32 
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2. GENERAL PROCEDURE 

The procedure followed was, in a general way, similar to that 
employed by the authors in determining the freezing temperatures of 
several of the platinum metals [25, 26]. The sample of iron or steel, 
about 75 grams in weight, was machined from an ingot or rod to the 
size and shape required to fit the crucible and an axial hole was drilled 
to accommodate a sight tube. The sample, together with the re¬ 
fractory blackbody sight tube, was placed in a refractory oxide 
crucible, as shown in figure 1 or 2. This entire assembly was then 
placed inside a Pyrex glass enclosure in which a desired atmosphere 
could be maintained. The metal was heated by means of a high- 
frequency induction furnace and the temperature measured by means 
of a precision optical pyrometer sighted into the blackbody. 

In any experiment of this nature, every effort should be made to 
select a crucible material and atmosphere which will not alter the 
chemical composition of the metal during heating at temperatures 
above its melting point and to arrange the apparatus so that the 
atmosphere admitted to the enclosure will surround the metal and 
not be significant^ 7 contaminated by adsorbed gases released by the 
refractory during heating. 


3. CRUCIBLES 

At the time the freezing-temperature measurements were made on 
steels, accounts of investigations with iron and steel indicated that 
these materials could be melted in aluminum oxide crucibles without 
any appreciable contamination from the crucible. Consequently, 
aluminum oxide crucibles were used for all the steels except two. In 
these two cases beryllium oxide was used, not because it was con¬ 
sidered superior to aluminum oxide, but merely to gain some informa¬ 
tion regarding its suitability for use with pure iron. Subsequently, 
Thompson and Cleaves reported that beryllium oxide was preferable 
to aluminum or magnesium oxide for melting pure iron. Beryllium 
oxide crucibles were therefore used exclusively in the later work on 

pure iron. . 

The beryllium oxide crucibles and accessory parts were prepared 
by the general method described by Swanger and Caldwell [27]. 
Pure unfused beryllium oxide was heated to 1,800° C in a graphite 
container by means of a high-frequency induction furnace. Ihe 
calcined oxide was then heated to about 1,100° C in oxygen to remove 
any carbon either combined or in discrete particles, and was then 
broken up and ground in a steel ball mill to pass a 200-mesh screen. 
The finely divided material was treated with HC1 to remove iron and 
then washed with distilled water. The crucibles were formed by 
tamping the material moistened with a solution of beryllium chloride 
(4 g of BeCl 2 in 100 ml of water) into a graphite mold lined with a 
layer of paper. The interior of the crucible was formed by drilling 
with a properly shaped tool while the material was still moisL ine 
mold containing the crucible was heated in air to about 1,100 o or 
2 hours. This enabled the crucible to be slipped out of the mold. 
It was then placed on a tungsten sheet inside a graphite container 
and fired to 1.800° C by means of an induction furnace. 

The crucible cover and the cone above it were made separately i 
the same way except that before finally firing to 1,800 C, they \ 
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cemented together with a paste made from beryllium oxide and the 
beryllium chloride solution. The blackbody sight tubes were formed 
by rolling a small amount of the paste on a brass rod, as described by 
Swanger and Caldwell. The sight tubes were also fired to 1,800° C. 

The aluminum oxide crucibles and accessory parts were made in 
the same way, with the following exceptions: (1) The material was 
commercially available crystalline alumina which was prepared for 
tamping by grinding in a porcelain ball mill; and (2) aluminum 
chloride was used as a binder. 

4. ATMOSPHERE 

By a process of elimination, helium was selected as the atmosphere 
in which to melt both the irons and steels. Atmospheres containing 
oxygen or carbon were immediately rejected because both of these 
elements are readily taken up by iron. According to Smithells [28], 
nitrogen at a pressure of 1 atmosphere is soluble in liquid iron at 
1,540° C to the extent of about 0.03 percent by weight, and hydrogen 
at the same pressure is soluble in liquid iron at the melting point to 
the extent of about 0.0023 percent and in solid iron at the melting 
point to the extent of about 0.0011 percent by weight. These per¬ 
centages may appear small, but according to Van’t Hoff’s law of the 
freezing-point lowering, 0.0023 percent of hydrogen (by weight) will 
lower the freezing point of iron about 3° C. Our experience with the 
volatility of metals and refractories at high temperatures led us to 
expect very little success in obtaining an accurate measurement of 
the freezing temperature of iron in vacuo. 

Helium was selected as the atmosphere in which to measure the 
freezing temperature, because all the available evidence indicates 
that the solubility of helium in either iron or steel is considerably less 
than that of nitrogen or hydrogen. 

For comparison purposes the freezing temperature of high-purity 
iron was also measured in an atmosphere of hydrogen and m vacuo. 
The value obtained for the freezing temperature in hydrogen was 
lower than that in helium, indicating that helium was less soluble 
than hydrogen. The value obtained in vacuo is lower than that in 
either helium or hydrogen.. This is attributed to the absorption of 
light by iron vapor present in the line of sight. 

The helium used was sufficiently freed of oxygen to prevent any 
noticeable oxidation of the samples. Commercial helium was passed 
through copper chips at about 700° C to remove oxygen and then 
through magnesium perchlorate and phosphorus pentoxide to remove 
water vapor. The hydrogen used was passed through the same 
system. 

5. ARRANGEMENT OF APPARATUS 

The samples of pure iron were mounted as shown in figure 1, and 
the samples of steel, for greater convenience in changing samples 
were mounted as shown in figure 2. In the first case we were pri^ 
manly interested in obtaining accurate values for the freezing tem¬ 
peratures of a few samples of pure iron, whereas in the latter case 
we were interested in obtaining values for the initial freezing tem¬ 
peratures of a large number of steels and were willing to make some 
sacrifice of accuracy for the sake of convenience. 

For the pure iron, figure 1, the sample was insulated on all sides 
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to promote temperature uniformity in the metal. Large temperature 
differences at the time of freezing must be avoided if an accurate 

measurement of the freezing 
temperature is to be obtained. 
The insulating material imme¬ 
diately surrounding the crucible 
will prevent the excessive loss 
of metal if, by chance, any 
cracks should develop in the 
crucible during repeated heating 
and cooling. The compara¬ 
tively coarse insulating material 
permits the ready passage of 
gas. 

In the mounting for the steels, 
figure 2, any one sample could 
be easily replaced by another. 
Unfused aluminum oxide was 
used for the insulation because 
it is a better thermal insulator 
_ than the fused material. The 

Figure 1. —Cross section showing method of infused Ojdde might also have 
mounting iron samples for the measurement been used for the pure iron 
of the freezing temperature. except for the fact that the 

particles are much smaller and 
pack more closely, making it difficult to pass a gas through it to the 
melting-point sample. In all of these measurements no difficulty of 
any nature was encountered 
with either type of crucible. 

The Pyrex enclosure in which 
the samples were heated in the 
desired atmospheres is shown 
in figure 3. The mica dia¬ 
phragms, with central openings 
to permit sighting into the 
blackbody, reduce the convec¬ 
tion currents. The Pyrex tube 
was closed with a Pyrex plate 
sealed to the tube with Cemen- 
tyte. The cemented joint was 
cooled by a number of small air 
jets. Thin sheets of mica be¬ 
tween the porcelain container 
and the Pyrex tube restricted 
the flow of gas around the porce¬ 
lain container. The alundum 

disk in the bottom of the porce- jr IGURE 2 .— Cross section showing method, of 

lain container permitted the mounting steel samples for the measurement 

gas, admitted to the top of of the freezing temperature. 

the tube, to flow through the 

porcelain container. Before heating a sample, the gas (helium or 
hydrogen) was passed slowly through the enclosure for approximately 
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16 hours. The sample was then heated slowly so that the gases 
released from the refractory during heating would be carried off! 

The Pyrex tube fitted closely inside of the water-cooled coil of the 
induction furnace. 


m-, 

ro 


6. TEMPERATURE MEASUREMENTS 

The optical pyrometer used was the one designed by Fairchild and 
Hoover [29] and has been briefly described elsewhere [25]. It was 
fitted with a 45° total- 
reflecting prism for sighting 
into the blackbody. 

The temperature meas¬ 
urements are expressed on 
the International Tempera¬ 
ture Scale of 1927, in which 
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ro 
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where J 2 IJ 1 is the ratio of 
brightness at the wave¬ 
length, X, of blackbodies at 
temperature t° C and at the 
gold point (1,336° K), and 
C 2 is a constant equal to 
1.432 cm-degrees. In these 
measurements the effective 
wavelength, X, of the red 
screen in the optical pyrom¬ 
eter was 0.6532 p. For the 
measurements on liigh- 
purity iron, the brightness 
ratio, JilJiy was measured 
by utilizing a sector disk of 
such an opening that it re¬ 
duced the brightness of the 
blackbody at the freezing 
temperature of iron to very 
nearly that of a blackbody 
at the gold point. The 
transmission of the sector 
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Figure 3.— Assembly used for heating samples 

in a controlled atmosphere. 


disk used was determined on a circle dividing engine as 0.01406 with 
an uncertainty of 0.00002. An uncertainty of 0.00002 in the trans¬ 
mission corresponds to about 0.25° C in the determination of the 
freezing temperature of non. 

For the observation on the blackbody at the gold point, an assembly 
d ^Fnr WaS that f ° r the g0 ¥> thorlum oxide refractories were used! 

iJtho! a m rrrr 0,1 the ^ * n »■*= 
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IV. RESULTS 

The results obtained on the two samples of high-purity iron in 
helium and in hydrogen are given in table 3. Each freeze represents 
the mean of from 12 to 24 photometric settings. During the course 
of these measurements, approximately the same number of observa¬ 
tions was taken on the blackbody at the gold point. 

Table 3. — Summary of observations on the freezing temperature of high-purity iron 


Ingot number 

Observer 

Atmosphere 

Helium 

Hydrogen 

Freezing 

point 

Number 

of 

freezes 

Freezing 

point 

Number 

of 

freezes 



° C 


° C 


3. 

H. T. W. 

1538.8 

4 

1537. 5 

4 

3.. 

W. F. R. 

1539.1 

5 

1538.3 

7 

15... 

H. T. W. 

1539.1 

3 

1537. 7 

3 

15. 

W. F. R. 

1538.6 

3 

1538.0 

6 

Mean.. 


1538. 9 


1537. 9 








The difference of 1° C between the freezing point of iron in helium 
and in hydrogen is attributed to solution of hydrogen in iron. This 
difference of 1° C was checked by arranging an experiment in which 
either hydrogen or helium could be admitted to the enclosure by 
means of a two-way stopcock, and taking a series of freezes with the 
iron in hydrogen, then in helium, and finally shifting back to hydrogen. 

The measurements in vacuo yielded a result about 3° C below that 
obtained in helium. This difference is attributed to the absorption 
of light by iron vapor. The 3° C corresponds to an absorption of 
light of about 2 percent. The effect of pressure, as such, upon the 
freezing temperature of iron is only a small fraction of a degree per 
atmosphere. 

The final values obtained in helium for the initial freezing temp¬ 
erature of the high-purity irons, and other irons, and the steels are 
given in table 4. 

In the measurements on some of the steels, there was a decided 
drift upward in the values obtained for successive freezes. The 
maximum drift observed was 4° C per freeze for Sample 12d. This 
was attributed to changes in the chemical composition. In such cases, 
the value reported is that obtained by plotting the values for the 
various freezes as a function of time of heating and extrapolating 
the curve back to zero time. 

It is recognized that, in general, a steel does not freeze completely 
at any one temperature but instead has a freezing range. In a few 
cases we were able to detect the lower limit of the freezing range, but 
these were exceptional. However, no difficulty was encountered in 
establishing the temperature of initial freezing. 
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V. EFFECT OF IMPURITIES AND ALLOYING ELEMENTS 

The effect of certain individual elements upon the initial freezing 
temperature of iron can be obtained from phase-equilibrium diagrams, 
but these give no information as to the effect produced when two or 
more foreign elements are present in the iron. The effect of certain 
elements, individually or in combination, upon the freezing tempera¬ 
ture oi iron can be calculated, on certain assumptions regarding dilute 
solutions, from Van’t Hoff’s law of the freezing-point lowering; but, 
in many of the cases, the assumptions regarding dilute solutions do 
not hold even for very small percentages of the foreign elements. 
Consequently the effect of several elements upon the freezing tern- 

peiature, when ar ^ present at the same time, can only be found 
irom expernnents. 

The measurements of the initial freezing temperatures of the steels, 
and the chemical analyses, provide data for establishing the effects 
ol \aiious impurities and alloying elements on the freezing tempera¬ 
ture ol iron when several of the elements are present at the same time. 
Our results indicate that, in general, when a number of other elements 
are present m iron, the effect of any one is the same as it would be if 
the other elements were not piesent and that the total effect of all 
1 elements, is the sum of the effects of the elements taken separately. 

. -The lowering of the freezing temperature of iron by the individual 
impurities and alloying elements usually present in steels is given in 
table 5. ffhese values for the individual elements, other than silicon, 
tungsten, and the gases, weie obtained from phase-equilibrium dia¬ 
grams, chiefly from the International Critical Tables. It was found 
that the sum of the individual freezing-point depressions could be 
made more nearly equal to the observed depressions by reducing the 
value obtained from the phase-equilibrium diagram for silicon from 
14° to 8° C per percent and by making the freezing-point depression 
for tungsten equal to 1° C per percent. The value for tungsten is 
based upon the observation on only one sample, 50a, and consequently 
does not apply generally. The values for the gases were computed 
by using Van’t Hoff’s law for the freezing-point depression. The 
values for the freezing-point depressions in table 5 have been found 
to apply within reasonable limits for amounts of the elements within 
the ranges given in the last column of table 5. 

The initial freezing temperatures of the various irons and steels 
computed from the chemical analyses and the lowering effects of the 
individual elements are given in the last column of table 4. The 
agreement of the temperatures calculated by use of table 5 with the 
observed temperatures is very good, the average difference being less 
than 3° C. In general, the computed values are slightly higher than 
the observed values. However, the amount of the gases present in 
the steels was determined only in a few instances, and in these in¬ 
stances the agreement between the observed and computed freezing 
temperatures is exceptionally good. If the gases present in the other 
steels had been determined and taken into consideration, the com¬ 
puted values would have been lowered and consequently, in most 
cases, brought into better agreement with the observed values. 

This method of computing the initial freezing temperature from the 
analysis cannot be expected to hold for percentages of impuiities or 
alloying elements outside of the range in which it has been verified by 
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experiment. Table 6 shows how well it holds for cast irons. The 
analyses and experimentally determined initial freezing temperatures 
were taken from a paper by Ash and Saeger [30]. The initial freezing 
temperatures, computed by adding the effects of the separate elements, 
are given in the last column. With the exception of the values for 
samples XIII and XIV, the average difference between the observed 
and computed values is 5° C. 


Table 5. —Depression of the initial freezing ( liquidus ) temperature of iron per 
percent by weight for each of the impurities or alloying elements usually found in 
steels , and the amounts of the various elements in the materials investigated 


Element 

Depression of freezing 
point per percent by 
weight 

Range of elements in 
materials investigated 
(percentage by weight) 

Hydrogen__ 

1,300° C (computed) 

0 to ? 

Nitrogen.... 

90° C (computed) 

0 to 0.03 

Oxygen.... 

Carbon... 

80° C (computed) 

Varies as follows: 

65° C at 0% 

70° C at 1% 

75° C at 2%. 

80° C at 2. 5% 

85° C at 3% 

91° C at 3. 5% 

100° C at 4% 

0 to 0.03 

0;to'3.8 

Phosphorus .. 

30° C 

0 to 0. 7 

Sulfur _... 

25° C 

0 to 0.08 

Arsenic .. 

14° C 

0 to 0. 5 

Tin . __ 

10° C 

0 to 0.03 

Silicon... .. 

8° C 

0 to 3 

Manganese.. . 

5° C 

0 to 1. 5 

Copper. 

5° C 

0 to 0. 3 

Nickel __ 

4° C 

0 to 9 

Molybdenum. 

2° C 

0 to 0. 3 

Vanadium.. 

2° C 

0 to 1 

Chromium_ 

1.5° C 

0 to 18 

Aluminum. 

0 

0 to 1 

Tungsten... 

1° C 

18% W with 0.60% C 


Table 6. Chemical analyses and initial freezing temperatures of cast irons 


Sample number 

Percentage, by weight, of- 

- 

Initial freezing 
tem|x*rature 

C 

Mn 

P 

s 

Si 

Meas¬ 

Com¬ 





ured 

puted 

XI. 

Y 

1.96 

0.25 

0. 14 

0.06 

0. 85 

O /~r 

1,380 

° C 
1,378 

A_ 

XII_ 

VI . 

III _ 

IV _ 

XIV_ 

XIII.. 

IX.... 

VIII_ 

VII . 

2.00 

.24 

.15 

.06 

.84 

1,380 

1,375 

1.97 

.27 

.14 

.06 

1.50 

1,365 

1,372 

2. 29 

.35 

.27 

.04 

1.24 

1,3.50 

1,341 

3.08 

.44 

.35 

.04 

1.68 

1,250 

1,249 

3a 10 

O O A 

.48 

.35 

.04 

1.69 

1,250 

1,245 

2. 89 

o IV7 

.44 

.66 

.03 

2.88 

1,195 

1,251 

3a 27 

o e n 

.52 

.59 

.03 

2. 87 

1, 155 

1,207 

3. 60 

o ro 

.58 

.67 

.03 

2. 86 

1,150 

1,157 

3. 03 

. 59 

.68 

.03 

2. 87 

1,150 

1. 154 

3. 76 

. 54 

.46 

.05 

2.10 

1,150 

1,147 


, on G ^? s ^ a ^ e suggest that a value computed from the data in 
i , , . 1 ^-2? or ?, ac curate than an experimentally determined value, 

ShonM ^°, SCC Wl , iy sam P le XIV with 2 89 Percent of carbon 

tI°» 55 lower tlmn sample IV with 3.10 percent of carbon, 

o ler constituents are about the same with the exception of 
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silicon, which according to the observations on other samples has an 
effect of only 8° C per percent. In the case of samples XIII and 
IX, the compositions are practically identical except for the carbon 
content, and it is difficult to believe that 0.33 percent of carbon would 
lower the freezing temperature by only 5° C. The discrepancy 
between the observed and computed values for samples XIII and 
XIV may be due to the presence of some impurity that was not 
sought for in the analysis, since in both cases the measured value is 
lower than the calculated one. 

VI. DISCUSSION OF RESULTS 

The mean of the observations on the freezing point of the high- 
purity iron in helium, 1,539° C, is believed to be accurate to ±1° C. 
The recognized sources of error and the magnitude of the uncer¬ 
tainty introduced in the final result by each, are estimated to be as 
follows: (1) Transmission of sector disk, 0.25° C; (2) effective wave¬ 
length of red screen, 0.3° C; (3) photometric matching, 0.25° C; and 
(4) departure from blackbody conditions, 0.2° C. 

If the impurities in the samples of high-purity iron were all present 
in the maximum amounts reported and if helium is not soluble in 
iron, the freezing point of absolutely pure iron would not be more 
than 0.5° C higher than that of the high-purity irons used in this 

investigation. 

The mean of the observations on the freezing point of the high- 
purity iron in hydrogen, 1,538° C, is somewhat less accurate than the 
value in helium, because it is subject to all the uncertainties listed 
above in addition to the uncertainty in the amount of absorbed 
hydrogen at the beginning of freezing. According to Smith ells [28], 
the amount of h 3 T drogcn, at a pressure of 1 atmosphere, absorbed by 
iron increases from about 0.0001 percent, by weight, at 400° C to 
about 0.0011 percent in the solid at the melting point and to about 
0.0023 percent in the liquid at the melting point. These are equi¬ 
librium values which require some time to establish. In our experi¬ 
ments the iron was heated only about 20° C above the melting point 
and was maintained molten for only a few minutes before freezing. 
It is very doubtful that the iron absorbed the equilibrium amount of 
lijffirogen in these few minutes. Our experience with silver in air 
[31] would indicate that only a small percentage of the difference 
between 0.0011 and 0.0023 percent would be absorbed under these 

conditions. . . , . , 

The value of 1,536° C obtained for the freezing pomt of the high- 
puritv iron in vacuo does not mean that the iron was freezing a 
1,536° C. It was evident from the deposits of iron on the inner 
surfaces of the cone directly above the opening in the blackbody that 
iron vapor had been present in the light path. Jenkins and Uaylor 
reported seeing clouds of iron vapor in their experiments and went to 
considerable trouble to devise methods to eliminate them, ine 
difference between 1,539° and 1,536° C can be accounted for by an 
absorption of light of 2 percent. No “clouds” of vapor were detected 

in our experiments. . _ -_ r 

The freezing temperature of the iron identified as Y was measured 

in the same way as the high-purity irons, and the result obtained 
should be just as accurate. The value obtamed for the initial freezing 
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temperature of the Armco ingot iron is the result of 10 freezes and 
should be accurate to ±2° C. Each of the values for the initial 
freezing temperature of the steels is the result of from three to five 
freezes and should be accurate to ±3° C. 

The method of computing the initial freezing temperatures of the 
steels from the chemical analyses and the lowering of the freezing 
point by the separate elements is entirely empirical and should be 
used with discretion. However, this method seems to hold reasonably 
well for considerable ranges of composition. 

VII. SUMMARY 

1. The freezing temperature of high-purity iron in helium at 
atmospheric pressure is 1,539° ±1° C. 

. 2 - The freezing temperature of higli-purity iron is 1° to 3° C lower 
m hydrogen than in helium. 

3. The freezing temperature of Armco ingot iron in helium is 
1,534°±2° C. 

4. The depression of the initial freezing temperature of an iron or 
steel by most of the elements commonly found in steels is independent 
of the presence of other elements. 

5. The initial freezing temperature of a steel can be calculated from 
the chemical composition. 
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ELECTROPHORETIC STUDIES OF NYLON 

By Milton Harris and Arnold M. Sookne 1 


abstract 

The surface electrical properties of “unoriented” and of highly “oriented” 
nylon fibers were investigated by a microelectrophoretic technique. Both types 
of fibers exhibited definite reversals of charge but at different pH values—the 
unoriented fiber at pH 3.9 and the oriented at pH 2.7. Since nvlon consists of 
hydrocarbon chains linked together by amide groups, it appears that reversal 
of charge is principally dependent on the presence of the amide groups, especiallv 
since hydrocarbons do not exhibit reversal of sign of charge under comparable 
conditions. This suggests that amide groups may also influence the electro¬ 
phoretic behavior of other substances, such as proteins. The difference in the 
electrophoretic behavior of the two types of nylon is attributed to the difference 
in their degrees of crystallinity.” 
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I. INTRODUCTION 

The development of new synthetic textile fibers frequently makes 
it necessary to alter common practices in the textile industry. Thus 
new fibers may require new types of scouring, dyeing, or finishing 
agents depending on the nature of the material. A well-known 
example of this was the necessity of developing entirely new types 
of dyestuffs to dye cellulose acetate fibers. That the development 
ol nylon has also presented new problems is not surprising since the 
chemical and physical properties of this fiber are very different from 
those of any of the other textile fibers. A number of these problems 
such as those involving finishing treatments, are dependent in part 
on the nature of the surface of the fibers, and more especially on their 

umwfn kpn C nf H 8,1 pr ? pertl f s - Accordingly, an investigation was 
undertaken of the surface electrical properties of nylon by the micro¬ 
electrophoretic technique a,s previously used in this laboratory for 

fibem 11 !] 8111111 ^ charactenstlcs of wool LI, 2 cotton [2], and silk 

In addition to these considerations, it appeared that such an 

mi S hfc *? e ^ value in the general problem of interpreta¬ 
been recogn ized that the net charge of proteins under ordinary condi? 
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tions depends primarily on the degree of ionization of acidic and basic 
groups (the content of COO— and NH 3 + groups), it has more 
i^cently been recognized that other groups may play a part as well [4]. 
Of such groups, the amide groups are present to a large extent in both 
the proteins and nylon. In the latter, however, they are practically 
the only polar groups and their role should be more readily interpre¬ 
table than in the proteins, where many different polar groups are 
present. 

II. MATERIALS AND METHODS 

Two t 3 7 pes of materials were used. One consisted of the so-called 
‘undrawn” or “unoriented” fibers which are obtained by extruding 
the molten polyamide from a spinneret. The second type of material 
was the “drawn” or “oriented” fibers obtained by stretching the 
unoriented fibers approximately fourfold in length. 

Both of these materials were extracted with ether to remove surface 
greases. The method of reducing fibers to a convenient particle size 
for electrophoretic measurements, the preparation of the suspensions, 
and the method of measuring the electric mobilities of the suspended 
particles have been described elsewhere [1, 2, 3]. 

All measurements were made in buffer solutions of 0.02 M ionic 
strength. In the pH range between 2.0 and 2.8, hydrochloric-acid— 
potassium-chloride solutions were used. Above pH 2.8, acetic-acid- 
sodium-acetate buffers were used. 

III. EXPERIMENTS AND DISCUSSION 

Figure 1 shows the mobility as a function of pH for samples of the 
oriented and unoriented nylon fibers. The oriented nylon exhibits a 
reversal of sign of charge at about pH 2.7 and the unoriented material 
at about pH 3.9. 

Nylon is a polyamide prepared by the interaction of a diamine and 
a dicarboxylic acid and has the following type of structure: 

-CO-R-CO-NH-R'-NH-CO-R-CO-NH-R'-NH, 

where R and R' may represent 4 and 6 methylene (-CH 2 -) groups. 
Chemically, therefore, nylon consists principally of hydrocarbon 
chains linked together by amide groups. Presumably the ends of the 
chains may contain free basic or acidic groups, but the presence of 
such groups in a polymer of this type may be very difficult to detect [51. 
Regardless of this, however, the proportion of these groups which may 
be expected to be free in the nylon polymer is extremely small and 
should not appreciably influence the behavior of the material. It 
appears then, that the reversal of sign of charge may be principally 
dependent on the presence of the amide groups, especially since a 
number of hydrocarbons already studied [6] have been shown not to 
exhibit reversal of sign of charge under comparable conditions. 3 A 
similar result was also noted earlier in this laboratory [71 in investi¬ 
gating the electrophoretic behavior of dibenzyldiketopiperazine. This 

C 6 H 5 -CH 2 -CH-CO-NH 

I I 

nh-co-ch-ch 2 -c 6 h 5 . 

* The sign of charge of these substances can undoubtedly be reversed in solutions of much lower pH than 
are used in this work and than are generally used in similar investigations on proteins. It should also do 
noted that substances which do not show reversals of sign of charge in the presence of uni*univalent sails 
frequently do so when polyvalent ions are present. 
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Figure 2. X-ray diffraction patterns of nylon. 

A. unstretched; H . stretched. 
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substance, which is not amphoteric in the usual sense (in that it 
contains no free carboxyl or amino groups) but contains two amide 
groups, exhibited a definite reversal of charge at pH 2.9. Thus the 
possible influence of the amide groups on the electrophoretic behavior 
of some substances, such as proteins, must be given consideration, 
although such influence may be obscured when large numbers of 
acidic and basic groups are present. 

That different pH-mobility curves and different isoelectric points 
were obtained for the oriented and unoriented nylons is of considerable 
interest, although it was not unexpected. Similar differences have 
been noted for the electrophoretic properties of other substances when 



Figure 1 . — pH-mobility curves for stretched and unstretched nylon . 


studied in both the amorphous and crystalline states. Earlier work 
by Wintersteiner and Abramson [8] showed that the isolectric point 
of amorphous insulin was at pH 5.35, while that of insulin crystals 
was found at pH 5.O.* It was further shown by Abramson and Moyer 
[4] that the isoelectric points of various amino acid crystals all occur 
at pH values below the values found for the amorphous or dissolved 
substances. Although it has not been common practice to consider 
fibers crystalline in this same sense, nevertheless, the X-ray diffraction 
patterns do indicate a far more orderly or “crystalline” arrangement 
m the oriented nylon, as shown in figure 2. Stretching the unoriented 
nylon probably produces a fairly parallel arrangement of the long- 
chain molecures. Such a process tends toward a maximum of inter¬ 
action between the molecules, and thus changes the character of the 
surface. This would be expected to alter the electrophoretic mobility 
of the substance. On the basis of these considerations, it may be 
concluded that the difference in the electrophoretic behavior of the 
two types of nylon used in this investigation is related to the difference 
in their degrees of “crystallinity.” 6 


* It was not known in this case how much adsorbed insulin was on the surface of the crystalline insulin 
The difference might have been greater if no dissolved insulin had been present y uHn * 

» A smilar phenomenon was recently reported by Kanamaru and Takada [9], who found that fhe r-nr>. 

of pwaflells'rS 036 varies W ‘ th th ° velocity at which the flbers were originally'^spun-i.e.^ith tUir deg?^ 
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Thanks are due J. B. Miles, of E. I. du Pont de Nemours & Co., 
for furnishing the samples of nylon and the X-ray diffraction patterns. 
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RELATIVE AFFINITIES OF THE ANIONS OF STRONG ACIDS 

FOR WOOL PROTEIN 1 

By Jacinto Steinhardt, Charles H. Fugitt, and Milton Harris 2 


ABSTRACT 

Evidence presented in previous papers supported the view that wool immersed 

in -xu°li 1 ? nS i con ^ a . ln i u g hydrochloric acid combines stoichiometrically not only 
with the hydrogen ions of the acid but with chloride ions as well. As a consequence 
it appeared that the specific affinities for wool of the anions of different acids might 
vary considerably, and that therefore the positions of the titration curves of this 

protein with respect to the pH axis might vary by correspondingly large amounts 
according to the acid used. 

,.J he Present paper describes measurements of the combination of wool with 19 
different acids, ranging in complexity from some of the mineral acids most com¬ 
monly used through the simpler aromatic sulfonic, carboxylic, and phenolic acids 
to a soluble monoazo acid dye. It is shown that wide differences exist between 
the positions with respect to the pH axis of the titration curves of wool obtained 
with different strong acids, and that these differences may be ascribed to wide 
variations in the anion dissociation constants characterizing the corresponding 
protein-anion combinations. Equations previously derived to account for effects 
caused by variations in chloride concentration have been generalized for use in 
calculating these dissociation constants. A scale of relative affinities of anions for 
wool, based on these constants, and applicable to acid dyes, is proposed. Predic¬ 
tions as to the effects of variations of anion concentration and of temperature 
based on the same generalized equations, have been tested and confirmed 
Measurements of the combination of a number of the same acids with a soluble 
protein, crystalline egg albumin have also been made. Since qualitatively similar 

Positions with respect to the pH axis, of the titration curves 
with different acids are found with both proteins, it is concluded that 
the property of combining with anions is not restricted to insoluble proteins. The 
affinity of anions for proteins of both classes appears to increase with the dimen- 
sions of the anion and is higher in aromatic than in aliphatic ions of the same size 
The bearing of these relationships on the well known specific effects of ions on 

fs considered 00 ^ natureof the forces iuvolved ia the binding of anions by proteins 
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I. INTRODUCTION 

It is well recognized that the fastness of wool dyes to washing, and 
tlieir related properties of exhausting onto wool or other protein 
fibers from a dye bath, vary widely not only among different classes of 
dyes, but also among the members of a given class. These variations 
are frequently regarded as manifestations of differences in affinity 
of the various dyestuffs for the fibers. The existence of similar differ¬ 
ences in the affinities of ions for proteins in general is suggested by the 

f f.i? uently reported and repeatedly investigated instances of specific 
differences in the effects of various ions on protein behavior. 

A possible basis for understanding such specific effects in terms of 
the participation of the anions of acids and the cations of bases in the 
combination of wool protein with acid and base has already been de¬ 
scribed^ in two earlier communications [36, 38]. 3 Evidence was pre¬ 
sented in support of the view that the combination of wool with hydro¬ 
chloric acid may be resolved into two partial reactions, one with 
hydrogen ions and one with chloride ions, and that each reaction is 
governed by its own equilibrium constant. On the basis of this 
assumption it proved possible to account for the large effects produced 
by varying the concentration of potassium chloride on the combination 
of wool with hydrochloric acid. Among other consequences of this 
view was a strong possibility that the specific affinities for wool of 
the anions of different acids might vary considerably, and that there¬ 
fore the positions of the titration curves of this and other proteins 
with respect to the pH axis might vary by correspondingly large 
amounts according to the acid used. The existence of such a variation 
would constitute critical evidence in support of the hypothesis of 
anion association, since alternative analyses of the effect of salt, based 
upon the Donnan membrane-equilibrium equations [36], offer no 
obvious basis for the prediction of such an effect. 

The present paper describes measurements of the combination of 
wool with 19 different acids, ranging in complexity from some of the 
mineral acids most commonly used in the laboratory through the 
simpler aromatic, sulfonic, carboxylic, and phenolic acids to a soluble 
monoazo acid dye: The acids employed were selected from among 
those readily available, with the purpose in view of obtaining data 
which could be simply calculated and interpreted in terms of molecular 
size, chemical structure, and the effects of specific substituents. For 
this reason most of the results reported in the present paper deal with 
acids which are monobasic and virtually totally dissociated in water. 

A limited number of weak acids which are analogues of some of the 


* Figures in brackets indicate the literature references at the end of this paper. 
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strong acids used (for example, benzoic acid is analogous with ben- 
zenesulfonic acid in the sense used here) have been included for the 
specific purpose of examining the effects of this analogy. An effort 
has also been made to include organic acids with all of the more com¬ 
mon dissociating groups. Since strong acids containing carboxylic 
or phenolic radicals as dissociating groups can be obtained only by 
loading with substituents such as halogens or nitro groups, other 
related acids have been included in order to make possible an inde¬ 
pendent appraisal of the effect of various substituent groups, and of 

more strictly physical factors, such as the size and shape of the anion 
produced. 

In order to determine whether differences in affinity between the 

ions of different acids are restricted to wool, or to the insoluble class of 

proteins for winch the theory of anion association was specifically 

proposed [36] measurements have also been made of the combination 

of a number of the same acids with a well-characterized soluble protein 

crystalline egg albumin. Demonstration that the hypothesis of anion 

association is applicable to both would have an obvious bearing on the 

interpretation of the titration curves of both classes of proteins, and 

of the wide range of phenomena which depend on the combination of 
protein with acid or base. 


II. EXPERIMENTAL PROCEDURE 

Details of the purification of the wool and of the method used in 
measuring pH values and the amounts of acid combined have alreadv 
been described [36, 38]. To improve the accuracy of estimation of 
quantities depending on pH differences, pH values are given to three 
decimal figures wherever the precision of the measurements, determined 
as previously described, is better than 0.003 unit. The absolute accu¬ 
racy of the values given depends on the accuracy of the pH values 
assigned to the primary standards [36], 

. Additional details which concern the materials used in the present 

investigation and modifications of the earlier procedures are described 
m the following subsections. 


1. MATERIALS 

(a) WOOL 

•S xc ® pt , w V ere otherwise noted, all of the measurements were made 

SamDknf th ? hatch, used in a previous investigation [38] 
Samples of this wool on incineration at 700° C, yielded a residue of 

con 6 t nT Cent n y wel ?ht; the hydrogen-ion equivalence of their cation 
rl ent ’n as i sho . wn by electrodialysis [32], was 0.036 millimole per 

showed that of this ash 0.032 millimole per gram Ls combhied » J 
base, and that therefore a correspondingly larger quantity of acid 

fibeT 6,1 by *“* "'°° l ““ “M" nefiS by ,sh-“» 

In calculating the results obtained with most of the acids used 
this small excess of acid has been subtracted from th** nr4r a Q l 
amounts of acid bound at every pH The validitv of tVn'c PP a J ent 

™ self-evident in the measX» P e„ts S I^bleric LT'bu^ 

wool than that of chloride are present. It is sho™ eWhie hr 
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this paper that the affinities of certain anions for wool are so high as 
to produce a net negative charge on the fibers even in acid solutions 
m which combination with hydrogen ions usually results in a net 
positive charge. Since the negative charge may be neutralized in 
part by cations other than hydrogen ion, including the cations natur- 
ally m the asli, not all of the alkaline ash is available for neutraliza- 
tion of the dissolved acid.. No correction for ash has been applied 
therefore to the data obtained with Orange II, the anion of which has 
the highest affinity of those included in this paper. With picric and 
na\ lame acids, next highest in order of affinity, the full correction 
has been applied; a slight overcorrection may result, especially in the 
range of pH in which only small amounts of acid are bound. 

(b) PREPARATION OF EGG ALBUMIN 

Crystalline egg albumin was prepared by the method of Kekwick 
arid Cannan [22], recrystallized five times, and dialyzed free of sulfate. 
The resulting stock solution contained 7.02 mg of nitrogen per milli¬ 
liter and gave a dry residue, on evaporation in a vacuum oven at 
100° C, of 45.2 mg/ml. The closeness of the pH of the diluted stock 
solution (5.09 at 22° C) to the isoionic pH of this protein, indicates 
that the preparation was practically free of combined ions. The 
nitrogen content, 15.5 percent, is in good agreement with the values 
hitherto reported. 

(c) SOURCE AND PURIFICATION OF ACIDS 

Care was required in the removal of ionogenic impurities from all 
the acids used, especially when the affinity of the anion of the acid 
for the protein was much lower than the affinity of one or more of the 
anions contributed by the impurities. When only a small propor¬ 
tion of all the acid present is combined (as at low pH), the amount 
combined may be almost entirely the impurity and not the acid under 
investigation. 

In every case the absence of sulfate or chloride was established by 
analysis. The possibility of the presence of appreciable amounts of 
salts was excluded by titrating weighed portions of the dry prepara¬ 
tions. 

The source and method of purification of the acids used are item¬ 
ized below: 

1. Hydrochloric, nitric, and trichloroacetic acids were commercial 
cp products used without further purification. 

2. Hydrobromic acid was a commercial cp product, from which 
appreciable quantities of free bromine were removed under vacuum. 

3. Ethylsulfuric acid was prepared by dissolving diethyl sulfate in 
a large excess of absolute ethanol, and heating the solution to 55° C 
for 24 hours, as described in Beilstein [I, 325]. The solution was 
then evaporated at room temperature under vacuum, and dilutions 
were made of the resulting approximately 1 M stock solution. The 
solutions of this acid thus contained varying but small quantities of 
ethyl alcohol. Analyses showed the presence of small amounts of 
sulfate ion, which were removed by the addition of an accurately de¬ 
termined equivalent quantity of barium hydroxide. The methods 
of preparation used for both this acid and the acid which follows 
excluded the possibility of the presence of salts. 
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4. Benzenesulfonic acid was prepared by treating redistilled ben- 
zenesulfonyl chloride with silver oxide and passing hydrogen sulfide 
through a solution of the resulting silver salt. 

5. o-Nitrobenzenosulfonic acid, 2,4,6-trichloroplienol, 2,4-dinitro- 
plienol, and 2,4,6-trinitroresorcinol were Eastman products purified 
by two or more recrystallizations from water. 

6. p-Toluenesulfonic acid, 2,4-dinitrobenzenesulfonic acid, o-xylene- 
p-sulfonic acid, naphthalene-/3-sulfonic acid, and flavianic acid (1- 
naphthol-2,4-dinitro-7-sulfonic acid) were Eastman products from 
which traces of impurities which were only slightly soluble in water 
were removed by filtration. 

7. Picric acid (2,4,6-trinitrophenol) was Merck’s U.S.P. grade 

con taming 15 percent of added water, used without further purifica¬ 
tion. 

8. Benzoic acid was a National Bureau of Standards Standard 
Sample (No. 39e). 

9. 2,5-Dichlorobenzenesulfonic acid and 4-nitrochlorobenzene-2- 

sulfomc acid were Eastman products which contained appreciable 

amounts of sulfuric acid as an impurity. Tliey were purified by pre- 

cipitating the sulfate with an accurately determined equivalent quan¬ 
tity of barium hydroxide. 

10; The sodium salt of Orange II (p-sulfobenzene-azo-zS-napthol), 

obtamed from the Eastman Kodak Co., was further purified by 
repeated salting out according to the method of Robinson and Mills 
127J. I he free acid was prepared by dissolving the salt in 2 M hydro¬ 
chloric acid and washing the precipitated dye acid with several por¬ 
tions of the same hydrochloric acid solution. When appreciably 
higher or lower concentrations of the acid are used, the loss of dis¬ 
solved acid dye m subsequent washing is very considerable. The 
precipitate of acid dye was air-dried, then oven-dried at 60° C, and 
finally dried to constant weight in a vacuum desiccator over KOH. 

I ests showed that hydrochloric acid had been completely removed in 
the drying process. The acid dye, as well as its sodium salt, is very 
soluble m water, but efforts to prepare concentrated solutions of the 
acid revealed the presence of a small quantity of a less soluble im- 

punty. Most of the impurity was removed by decanting concen¬ 
trated solutions from the insoluble residue. 


2. METHODS 

(a) MEASUREMENT OF ACID COMBINED WITH WOOL 

tw™Tki aCld ^ w l“ c j gave colored solutions were titrated with brom- 
thymol blue, instead of the bromcresol purple previously used be- 

S ll° 0r change was more easily detected With weak acids 

n lle 0r P henol Pkthalein was used. Densely colored solu- 
pjj y range II were titrated to an electrometric end point at 

pi TK d -P° ssi ¥. e .“ the experiments with hydrochloric 
«H11 equilibrium within a period of 72 hours at 0° C, and in 

still shorter periods of time at 25° C, and 50° C [36, 38], some of the 

nprind« S nfV n th ! P A e !u nt lnvesti g a tion required very much longer 
periods of time at all these temperatures. Thus, with flavianic acid 

0 T P «r r 0 42 ° ° Efficient W the .oSSS 

over^O.42 mdlimole per gram, while values approaching the usual 
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maximum of about 0.8 millimole per gram were obtained in a few days 
^ .C* A period of 30 days at the latter temperature proved 
msuffiaent with Orange II, while at 50° C a period of 5 days sufficed. 
When the attainment of equilibrium requires long periods, the rate 
of uptake may become undetectably small when much less than equi- 
librium amounts have been combined. In general, the length of time 
which must be allowed for essentially complete attainment of equilib¬ 
rium increases with the affinity for wool of the anion of the acid. 

The reversibility of the combination with several of the acids used 
f? een demonstrated by subjecting the fibers to prolonged washing 
and by replacement of combined anions on immersing the fibers in 
solutions of other anions having higher affinities. 

(b) MEASUREMENT OF ACID COMBINED WITH EGG ALBUMIN 

The acid combined by a dissolved protein obviously cannot be 
measured by the change in the titratable acidity of a solution, as was 
possible with wool. Methods of calculating this quantity for dis¬ 
solved proteins are all based on differences in pH between solutions of 
the acid alone and of the acid plus protein. They have been described 
by Loeb [25], Cohn, Green and Blanchard [8], Kekwik and Cannan [22], 
and Hitchcock [20], among others, and are summarized in reviews by 
Hitchcock [21] and by Schmidt [30]. In the present investigation pH 
measurements were made of serial dilutions of each acid used in the 
absence of protein as well as in the presence of 0.113 percent by weight 
of dissolved egg albumin. . The difference in pH caused by the protein 
gives directly the proportion of the total acid present which has been 
neutralized (combined by protein), if it can be assumed that the 
presence of this low concentration of protein is without significant 
effect on the activity of the uncombined acid. Differences in the 
activity coefficients of the acid due to its dilution by partial neutraliza¬ 
tion were taken into account when the initial concentration of acid 
was so high as to warrant application of the correction. However, 
owing to the low concentration of the protein, total concentrations of 
acid m excess of 0.01 M gave rise to such small pH differences that 
calculations of bound acid at pH values below 2 were subject to large 
uncertainties.. In general, the effect of the variation of activity 
coefficients with concentration is considerably smaller than these 
uncertainties. 

In calculating the results obtained with flavianic acid, it was 
assumed that every molecule of the acid contributed two hydrogen 
ions to the solution. A comparison of the pH values with the titers 
of the experimental solutions containing no protein indicated that this 
assumption is approximately valid in the pH range of the curve for 
this acid. Any error introduced by the assumption probably affects 
only the highest two points on the curve, which would be slightly lower 
if an exact calculation were made. 

III. RESULTS AND DISCUSSION 

1. RESULTS OBTAINED IN THE ABSENCE OF SALTS 

The results obtained with 18 different acids in the absence of salt 
at 0° C are summarized in table 1. The data obtained with the 16 
strong acids included are assembled in figure 1. In drawing the 
curves, an effort has been made to represent the measurements fairly 
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with smooth curves rather than to preserve the appearance of homo¬ 
geneity of the data. The resulting tendency of certain neighboring 
curves to cross or converge is usually within the range of effects which 
may be ascribed to experimental error. 

The most noticeable feature of the data in figure 1 is the wide range 
of positions with respect to the pH coordinates which the titration 
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curvijs occupy. It is also apparent that except for minor deviations 

pa?.uT™£T Tw h r°* '?““/• ?“ r * Sy 

parallel course The change m the slopes of the lower portions of the 

ethvfsulfnnV th ‘H m ° f re sharpl J ^fleeted curve for hydrochloric and 
ethylsulfunc acids at one end of the pH range to the less sharnlv 

inflected curves for picric and flavianic acids at the other end tends 

to be gradual and progressive. The appearance of the ernes L a 

SgoL e ph^me C n°a nS1Stent ^ ^ ™ W that they aU describe 



National 


[Voi.te 


Table 1. —Combination of wool protein with various acids at 0° C> in the absence of 

added salt 


Hydrochloric acid 



Milli- 

pH 

moles/Q 

0. 447 

0. 868 

.635 

.838 

.813 

.836 

.822 

.812 

1.062 

.779 

1. 125 

.789 

1.327 

.748 

1.470 

.735 

1.553 

.708 

1.711 

.652 

1.797 

.629 

1.931 

.574 

2. 085 

.522 

2. 228 

.445 

2. 320 

.394 

2.451 

.348 

2. 748 

.247 

3.039 

. 166 

3. 072 

. 160 

3. 272 

. 114 

3. 348 

.101 

3. 620 

.067 

3. 783 

.060 

3. 844 

.045 

4. 169 

.022 

4. 198 

.027 

4.414 

.017 

4. 668 

.001 

4. 740 

.012 

5. 140 

.004 

5. 58 

* — .012 

5. 79 

*-.018 

6.1 

*-.023 

Hydrobromic acid b 

0. 783 

0. 875 

1.024 

.791 

1.308 

.785 

1. 539 

.775 

1.780 

.687 

2. 087 

.566 

2. 332 

.456 

2. 771 

.288 

3.115 

. 187 

3. 394 

.127 

3. 772 

.074 

4. 168 

.039 

4. 550 

.011 

4. 878 

*-.003 

5. 170 

*-.010 

Nitric acid 

0. 601 

0. 900 

.884 

.820 

1.340 

.805 

1.697 

.735 

1.936 

.697 

2.311 

. 532 

2. 594 

.399 

2. 978 

.239 

3. 296 

.170 

3. 694 

. Ill 

4. 339 

.050 

4. 906 

.027 

5. 50 

•—.006 

5. 97 

*-.012 

6.6 

*—. 026 

Ethylsulfuric acid 

0.928 

0. 790 

1.252 

.788 

1. 620 

.713 


Ethylsulfuric acid 


pH 

1.949 

2.242 

2. 498 

2. 792 

3. 140 
3.418 

3. 890 
4.320 

Milli¬ 
moles Iq 

0. 595 
.427 
.332 
.240 
. 151 
. 104 
.054 
.031 

Trichloroacetic 

acid 

1.474 

0. 836 

1.883 

.738 

2.415 

.552 

2. 700 

.414 

3. 070 

.281 

3. 481 

. 173 

3. 890 

. 109 

4.170 

.079 

Benzenesulfonic 

acid 

0. 772 

0. 853 

.791 

.825 

1.060 

.804 

1.069 

.796 

1.435 

.783 

1.632 

.751 

1.915 

.689 

2.181 

.594 

2. 512 

.454 

2. 786 

.331 

3. 010 

.265 

3. 615 

. 115 

4. 295 

.061 

5. 072 

.023 

o-Nitro benzene¬ 

sulfonic acid 

1.248 

0. 838 

1.473 

.791 

1.739 

.760 

2. 058 

.689 

2. 434 

.575 

2.718 

.460 

2. 989 

.347 

3. 253 

.242 

3. 502 

. 166 

3. 812 

. Ill 

4. 405 

.041 

4. 752 

.012 

4. 930 

.003 

5. 428 

•-.005 


p-Toluene- 
sulfonic acid 


1.124 

0.817 

1.411 

.764 

1. 732 

.738 

1.984 

.678 

2.315 

.560 

2. 667 

.388 

2. 954 

.280 

3.178 

. 198 

3. 398 

.131 

3.638 

.085 

3. 997 

.036 

4.280 

.013 


2,4-Dinitroben- 
zenesulfonic acid 


PH 

Milli¬ 
molesI q 

1. 399 

0. 863 

1.787 

.848 

2. 138 

.746 

2. 490 

.657 

3.012 

.457 

3.570 

.270 

4. 069 

. 171 

4. 470 

.094 

4. 872 

.048 

6.1 

.028 

6.4 

*-.010 


o-Xylene-p-sul- 
fonic acid 


1.132 

0. 840 

1.422 

.800 

1. 734 

.743 

1.995 

.688 

2. 344 

.564 

2.716 

.415 

2. 994 

.284 

3. 254 

. 199 

3. 445 

.130 

3. 754 

.085 

4.044 

.036 

4. 335 

.009 

b 2,5-Dichloroben- 

zene-sulfonic acid 

1.191 

0. 926 

1.372 

.875 

1.663 

.819 

2. 044 

.770 

2. 436 

.670 

2.825 

.525 

3.153 

.385 

3. 385 

.285 

3. 743 

.195 

4. 020 

.136 

4. 393 

.092 

4. 732 

.059 

5.132 

.036 


b 4-Nitrochloro- 
benzene-2-sulfonic 
acid 


1. 201 

0.882 

1. 384 

.868 

1. 663 

.833 

2.026 

.770 

2. 453 

.670 

2.806 

.526 

3.110 

.381 

3.368 

.285 

3. 653 

.192 

3.999 

.132 

4. 352 

.094 

4. 859 

.063 

5.001 

.038 


Picric acid 


1. 624 

0.904 

2.059 

.838 

2.072 

.857 

2.414 

.797 

3.116 

.654 

3.165 

.638 

3. 708 

.453 

4.229 

.296 


Picric acid 



Milli¬ 

pH 

moles Iq 

4. 686 

0.200 

4. 666 

.200 

4.964 

.134 

5. 296 

.082 

5. 826 

.042 

6. 00 

.023 

6. 35 

.015 

b 2,4,6-Trinitro- 

resorcinol 

2. 442 

0. 794 

3.130 

.598 

3. 540 

.441 

3.917 

.264 

4. 204 

. 176 

4. 387 

. 112 

4. 627 

.076 

4. 897 

.049 

5.310 

.030 

6. 460 

.016 


Napthalene*/? 
sulfonic acid 


0. 769 

1.028 

1.084 

0. 930 

1.404 

.871 

1.806 

.810 

2.178 

.762 

2. 598 

.660 

3.094 

.464 

3. 494 

.314 

3. 771 

.240 

4.244 

. 153 

5.091 

.064 

5. 606 

.024 

5.90 

.002 

Flavianic acid 


0 M-eq/o 

4.191 

0.400 

4.601 

.318 

4.898 

.227 

5.410 

.142 

6. 95 

.054 

6.10 

.034 

6.26 

.010 

Benzoic acid 


Milli¬ 
moles IQ 

3. 534 

0.168 

3. 710 

.124 

3.900 

.082 

4.191 

.062 

4. 398 

.036 

4. 842 

.021 

4.989 

.005 

2,4-Dinitrophenol 

4.83 

0.085 

5.27 

.056 

5.63 

.031 

5.90 

.011 

6.19 

*-.004 

6.33 

•-.011 


* Negative values indicate loss of bound acid or combination with hydroxyl ion. 

b A different batch of wool having an exceptionally low ash content and a slightly higher maximum com 
blning capacity was used in these measurements. 

• Note that in this group milliequivalents rather than millimoles are given. 
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It is a familiar fact tliat the position on a pH grid of the titration 
curves of the common weak bases is determined by their own dis¬ 
sociation constants and not by the dissociation constant or by other 
chemical properties of the acid employed in the titration. Sets of 
titration curves obtained with any number of weak or strong acids 
would be expected to be practically superimposed on one another. 
Exceptions arise, as in the work of Cannan and Kibrick [7] and of 
Greenwald [16, 17] with carboxylic acids and phosphates, when the 
compound formed by the reaction of the base with certain acids is 
not typically salt-like and does not exist in solution predominantly 
m the dissociated form. These exceptions find their counterparts, in 
the case of ampholytes, in the formation of only partially dissociated 
stoichiometric complexes between the anions of the acids and the 
ampholyte which has combined with hydrogen ions. When these are 
formed the positions of the titration curves and to a lesser extent 

their shapes will differ according to the extent to which the anion is 
dissociated [36]. 

i Th °i'fl- de range ?? phc measurements serves to emphasize the very 
large differences which may be found when different acids are used. 

l 1 ?i P ° S110n of each curve 1S characterized by the pH value at which 
half the maximum amount of acid (about 0.4 millimole per gram) is 

Jnrvl li a dlflerencc f °* almost 2 pH units between the 

the results obtained with the other acids are distributed with a fair 
degree of uniformity, with no evident tendency to resemble closelv 
the results obtained with hydrochloric acid, the acid which has hitherto 

proteins 1 ^ Wldely USed m measunn g the acid-combining properties of 

Attention must also be directed to another feature of many of the 
data represented m figure 1. This is the combination of amounts of acid 
in excess of 0.82 millimole per gram the amount earlier reported as the 
maximum obtained with hydrochloric acid. The maximum of 0 82 
millimole per gram was sometimes exceeded by small amounts when 

b ‘fV r C °^,K e - ntl ', atl ° nS of acld (> 0 - 2 were used. Measurements of 
acid combined are susceptible to a relatively large experimental error 
when such high concentrations of acid are used, because (a) only a 
1 Proiiortion of the acid initially present is combined, (b) some 
acid hydrolysis of the protein cannot be avoided, and (c) exchanges 

cnl7to er b f tw f en the Partially hydrated fibers and the solutions diffi- 
° btamed - these reasons little weight was placed on these meas¬ 
cZTthlt “lh P . H ™‘!T m0re .“ id ° W “which‘Se 

2Jl™ole_per gram h«s been shown to correspond clostly to the 

wereZSd'byEWdm 1 } 063 betW< * n the Utratlon »' woo! with hydrochloric ond with picric acids 
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primary amino content of the fibers, the additional uptake in more 
concentrated solutions must be accounted for by the more weakly 
basic groups or by combination by means of entirely different mech¬ 
anisms. One such alternative mechanism is suggested by the titra¬ 
tion curve of wool with Orange II at 50° C, shown in figure 6, in 
which the excess combination is even larger. The molecules of many 
dyes are known to be aggregated in aqueous solutions to a greater or 
lesser extent [40]. Although no evidence suggesting that Orange II 
is highly aggregated has ever been put forward, the failure of its solu¬ 
tions to obey Beer’s law suggests that some degree of aggregation 
may occur in all but extremely dilute solutions of this dye. Combina¬ 
tion of the fiber, at least in part, with aggregated dye anions might 
then account for the large amounts taken up, and for the anomalous 
relation to pH of the amounts combined at high concentrations. 

The displacement of the pH range, in which the excess combination 
with most of the acids is found, removes much of the uncertainty 
attending the earlier observation of similar excess combination with 
hydrochloric acid. All three of the possible sources of experimental 
error mentioned above are reduced or eliminated when the excess 
combination occurs in the presence of low concentrations of acid. In 
addition, the excess found in concentrated solutions (1.03 — 0.82 = 0.21 
in the case of naphthalenesulfonic acid) is far outside the limits of 
experimental error or of the possible range of effects on concentration 
due to exchange of water between fibers and solution. 

Although the scatter of the points representing the combination 
of more than 0.8 millimole per gram is considerable, the portions of 
the curves which represent the second step of acid combination appear 
to run parallel to one another to about the same extent as do the main 
curves at higher pH values. The displacements of these parts of the 
curves thus appear to correspond, qualitatively at least, to the similar 
displacements of the parts of the curves which represent the combina¬ 
tion of the first 0.82 millimole per gram. Should further work 
establish that the concepts applied in this paper to the lower section 
of the curves may also be employed in the analysis of the excess 
combination of acid, the possibility is opened of studying in an aqueous 
environment the combination of these weakly basic groups with 
acid, and thus determining the number of these groups and the 
extent of their dissociation. 

2. CALCULATION OF THE AFFINITY OF ANIONS FOR WOOL 

Any simple analysis of the experimental results in terms of the 
hypothesis of stoichiometric anion association depends on the assump¬ 
tion that the curve of acid combination is homogeneous, that is, the 
curve is determined by the combination of hydrogen ions and anions 
by sets of essentially similar groups in the fiber. If this is not the 
case, it is meaningless to ascribe shifts in the positions of the titration 
curves as a whole to variations in a single anion dissociation constant 
presumed to characterize each protein-anion combination. The 
assumption is empirically justified when the displacement in the 
positions of the curves affects all parts of the curve to the same extent. 
With the minor exceptions noted elsewhere, the data in figure 1 
appear to justify a treatment based upon such homogeneity. 
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(a) RELATION OF THE POSITIONS OF THE TITRATION CURVES TO THE 

ANION AFFINITY 

Since it has been assumed that differences in the positions of the 
curves with respect to the pH axis are determined by differences in 
K/y the protein-anion dissociation constant, it is appropriate to 
attempt to evaluate K A for the anions of each of the acids used by 
means of the position of the corresponding titration curve. The 
reciprocal of K A is referred to hereafter as the anion affinity constant, 
or simply as the anion affinity. 

It has already been shown [36] that changes in the positions of the 
titration curves obtained with a single acid, which are produced by 
adding different amounts of the anion of the acid in the form of neutral 
salts, can be described by the equation: 

Fraction of wool combined 


[WHA] + [WH+] __ 1 (1) 

“ [WHA] + lWH+] + [WA-] + [W±] K H '/ a A +K /\ 

^ \a A +K A ) 

in which a H and a A represent the activities of the hydrogen ion and of 
the anion respectively, the terms containing W represent ionic states 
of wool, and the constants K' n , K' A , and K A govern the following 
hypothetical dissociation equilibria: 


K a ' WHA—WA~+H+ 

K/ WA" —W ± +A“ 

K a WHA—WH++A-. 

The constant K n governing a fourth possible equilibrium: 


( 2 ) 

(3) 

(4) 


WH+—W±+H+ 



does not appear in eq 1, since it is obvious that the four constants are 
interrelated by the relation K a ' K A =K n K A . 

The assumptions entering into the definition set down in the left- 
hand part of eq 1 have already been discussed [36]. It has also been 
shown that each experimental curve is actually somewhat broader 
(covering a wider range of pH values) than the S-shaped curves 
described by eq 1, but that the displacement between curves obtained 
at different values of a A are accurately described by the equation. 6 
i lie difference between the curves obtained with and without a con¬ 
stant concentration of anions present is also accurately described hv 
convertmg eq 1 into the equivalent form, valid when salt is absent* 


Fraction combined 


[WHA] + [WH+1 


[WHA] + [WH + ] + [WA~ 


1 + 


K^fdu+K/ 

(Zh 


( 6 ) 



toT^,rr 1Vatl0n i° f C V- a i nd , 6 made clear that ^eir validity is limi ted 

to conditio ns under which the term [WH+] is greater than the term 

• Reasons have been 
poly valoncy of the woo 

broadly in the Inequalities Kr'<Kh and K A <K//. ^ ps m tho moI ecule except for the effect implied 
297660—41 
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[WA“]. These conditions are realized, except when much salt is 
present, when Kf is greater than if H . The latter constant has not 
been evaluated, but it must be considerably larger than KJ , which 
has been assigned the value 6.3X10~ 5 at 0°C [36]. Thus eq 6 cannot 
be used for anions having affinities which result in a displacement of 
the titration curve by more than 1 or 2 pH units to the right of the 
position of the curve obtained with hydrochloric acid. 

It is possible to derive an equation, similar to eq 6, which has the 
complementary condition for validity, that is, [WA“]>[WH + ], 
or Kf <^K n . This equation, applicable to acids with high affinity for 
wool, is obtained by equating the fraction combined to 

[WHA] + [WA1 

[WH A] + [WA-] + [WH+] + [W=4 

instead of to 


[ WH A] + [WH + ] 

[WH A] + [WH+] + [WA-] + [W±] 

«• 

and leads to the general result: 6 

Fraction combined =- - fy 

1 aJ±±( Qn + ila 

a\a B +KJ 



or, in the absence of salt, to the equivalent form: 

Fraction combined =- f~ — , 7 - 

i i A A / a H +A H 

‘ a n \a H +KJ 

The dependence of the pH coordinate of the midpoint of each 
curve on KJ or K A} in terms of either eq 6 or 8, may be described by 
equating the right-liand member of each equation to 0.5. When this 
is done with eq 6, the result is 




a n (a n +Kf) 





With eq 8 the result is 

K '— Km a ( 

K a - Xb , a \a B +K H ) 



Equations 6' and 8' both contain constants which have not pre¬ 
viously been evaluated (K A and /f H )i as well as the constant Kh to 
which the value 6.3 X10" 5 has previously been assigned. 7 Because oi 
electrostatic requirements, however, K n f>KJ and K/f>K A [36J. 
The ratios between pairs of dissociation constants which differ marnly 
because of the electrostatic effect of a single charge (such as the first 
and second dissociation constants of symmetrical dicarboxylic adds; 
always lie between 10 and 1000. If this analogy is accepted, ilH 
probably lies between 10 -3 * 2 and 10“ 1,2 . Since the factor iv H / (A H a n) 


« When salt is present, this equation gives the amount of acid pliLS salt combined since the ex(»ss negative 
charge due to [WA~] may be neutralized in part by adsorbed cations other thanhydrogen ions. The mmin 
of salt combined is large only when anions of hieh affinity are present, or when high concentrations ar 

so that the titration curve falls in a region of high pH values .. . r _ , {o nroDerty of 

* In all the calculations that follow, the reasonable assumption is made that Kr is an intrinsic prope y 
the protein, and is not appreciably affected by the nature of the anion combined ([3bJ, footnote ioj. 
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in eq 6' must be positive, the curves obtained with acids of lower 
affinity than hydrochloric acid (not reported in this paper) further 
restricts IC B to values greater than lO” 2 * 1 . The factor thus approaches 
unity for values of a B at the midpoints of practically all the curves 
represented in figure 1. Thus, between limits represented by the 
midpoint of the hydrochloric acid curve and the midpoints of curves 
for which the condition of validity for eq 6' no longer 

applies, the equation may be simplified to 



The corresponding simplification of eq 8', valid when a R <t:K n 
(throughout practically the entire range of pH values in which the 
midpoints of the curves occur), is 



a n 2 +K B 'a 


H 


K 


H 



The calculation of Kf , the reciprocal of the affinity, thus depends 
in either case on an accurate knowledge of K n \ the intrinsic acidity 
constant of the carboxyl groups of the fiber. By assigning the 
previously determined approximate value at 0° C to this constant, the 
relation of K/ to the pH of the midpoint has been calculated for this 
temperature according to both equations. The result of this calcu¬ 
lation is plotted logarithmically in figure 2, in which the midpoint 
pH, and therefore the value of the affinity constant, according to 

both eq 6" and eq 8" has been indicated for each of the acids repre¬ 
sented in figure 1. 

It is apparent that in the region of low pH values both equations 

give practically identical results. The curves approach the same 

straight line having a slope of 2. In this region the ratio of affinities 

between two anions is given with a high degree of approximation by 

the antilogarithm of twice the difference in pH between the midpoints 

of the titration curves obtained with the acids corresponding to the 
anions. 


At pH values above 3, however, the curves diverge appreciablv 
a ? < L a , t PH values above 4.2 (p K B at 0° C), no physically real values 
t are given by eq 6". Obviously, however, the conditions under 
which eq 6 and 6 are valid (K/>K B ) are no longer realized when 

* are dls P|f c .® d ^ such high ranges of pH. Since both equa¬ 
tions lead to essentially the same relation between KJ and midnoint 

P? S fc > 6 of pH hi which eq 6" is nearly exact, all calculations 
of affinity m this paper have been based on eq 8", regardless of the 
range of pH in which the midpoint of a given titration “curvemay lie 

the positions of the curves produced by a given increase in S 
becomes larger until ApH, which at one extreme is equal to —VAdK ^ 

approached closely, the Affinity constant becomes independent of the 
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value 6.30X10 -5 . This curve shows the relation between midpoint 
pH and log K /, at a temperature of 25° C [381, and also illustrates 
the relatively large effect of variations in KJ on the estimation of K/ 
when the latter is large, and the virtual absence of this effect when 
the latter is small. 

By making use of the curve which represents eq 8" at 0° C, values 
of Kf which correspond to each of the acids represented in figure 1 
have been determined. These values are given in the fifth column 
of table 2. The ion with least affinity, chloride, has a value of K/ f 



pH OF MIDPOINT OF CURVE 

Figure 2. —Relation between the position of the acid titration curve with respect to 

pH and the affinity of the anion of the acid for protein. 

Curves 1 and 2 represent eq 8" with numerical values of K& at 0° and 25° C, respectively, inserted. Curve 
3 represents eq 6" with the numerical value of Kn' at 0° C. Curves 1 and 3 coincide at low pH values. 


0.35; picrate, the most tightly bound monovalent ion studied at this 
temperature, has an affinity almost one thousand times as great as 
that of chloride, and the divalent flavianate ion has an affinity still 
higher. 8 It is apparent from the results summarized in table 2 that 
the affinity of the anion tends to rise as the molecular weight increases 
but the tendency is not regular and exceptions in the series occur. 

Since the experimental curves are broader than those predicted by 
the much simplified eq 6 and 8, the use of these equations in analyzing 
the shifts in position of the curves would be rendered more significant 
if the progressive change in their slopes could also be shown to be a 
consequence of the same differences in Kf which result in their dis¬ 
placements to progressively higher pH values. This demonstration 

8 For comparison, the affinity of the divalent flavianate ion is expressed in the same units as the affinities 
of the monovalent acids in the table. 
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has been made by substituting representative numerical values in 
eq 6 and 8. For the sake of definiteness, the value 0.01 has been 
assigned to the ratio K n '/K u , which has been shown to have a range 
of reasonable values of 0.01 to 0.001. The result of this calculation 
with six different values of Kf is shown in figure 3. The calculated 
curves simulate the curves drawn through the experimental data not 
only in the relation between the magnitudes of their displacements 
from one another but also in the relation of their slopes. Thus, the 
curves representing low values of K/ (high affinities) are everywhere 
less steep than those which correspond to high v°lue of K/ (low 
affinities). The progressive change in slope at the midpoints of the 
experimental curves is in the same direction. The qualitative 
agreement with experiment of these calculations would not be altered 
by the assignment of other reasonable numerical values to the 
ratio K n '/K H . 


Table 2 .—Calculation of anion affinity constants (1/AV) at 0° C 


Acid 

Molec¬ 

ular 

weight 

pH of 
mid¬ 
point 

—log 

KJ 

from eq 
8" 

KJ 

Affinity 
relative to 
affinity of 
chloride 
ion 

pH at 
which 
curve 
crosses 
IIC10.1 
inolal 
curve 

Affinity 
relative to 
affinity of 
chloride 
ion 

(method 
of cross¬ 
ing point) 

Hydrochloric.. 

36.5 

' O OQ 

0.45 

0. 35 




Ethylsulfuric... 

126.1 

/ OO 




Hyarobromic... 

80.9 

2.47 

.74 

. 18 

1.9 



Nitric_____ 

63.0 

2.58 

.96 

.11 

3.2 

1.71 

3.9 

Benzenesulfonic... 

158.2 

2.63 

1.05 


3.9 

1.71 

3.9 

p-Toluenesulfonic.... 

172.2 

2.66 

1.10 


4.4 

1.73 

4.1 

o-Xylene-p-sulfonic.. 

186.2 

2.71 

1.21 

.062 

5.6 

1.83 

5.2 

Trichloroacetic..... 

163.4 

2. 73 

1.25 

.056 

6.2 

1.93 

6.6 

o-Nitrobenzenesulfonic. 

203.2 

2.86 

1.50 

.032 

11.0 

2. 05 

8.6 

4-Nitrochlorobenzene-2-sulfonic. 

237.6 

3.08 

1.93 

.0118 

29.7 

2.68 

36.8 

2,5-Dichlorobenzenesulfonic. 

227. 1 

3.09 

1.95 

.0112 

31.2 

2. 68 

36.8 

2,4-Dinitrobonzenesulfonic. 

248.2 

3. 17 

2.09 

ami-:) Mi 

43 

2. 82 

51 

Naphthalene-/9-sulfonic. 

208.2 

3. 24 

2.23 


59 

3.05 

86 

2,4,6-Trinitroresorcinol. 

245. 1 

3. 67 

3. 02 

Mmlm 

366 



Picric..... 

229. 1 

3. 86 

3.34 


758 



Flavianic. 

314.2 

4. 24 


□Txitre 

• 3,020 











•Calculated, for comparison, as if the anion were monovalent. Since equilibrium was not attained in 
23 days, the relative affinity reported is minimal. 


(b) ALTERNATIVE METHOD OF CALCULATING RELATIVE ANION AFFINITIES 

In column 6 of table 2 is given the ratio of the affinity of the anion 
of each acid to that of chloride ion. This has been tabulated because 
the same relative affinity factor may be calculated directly from the 
experimental results represented in figure 1 by combining them with 
the data for hydrochloric acid at constant chloride concentrations in 
an earlier paper [36]. The values so obtained thus do not depend on 
the equations just used. 

This alternative method of calculation is made possible by the fact 
that curves obtained in the presence of constant anion concentrations 
are less steep thari those obtained in the absence of salt and therefore 
cover a wider range of pH values. Thus, for example, a curve repre¬ 
senting results obtamed with hydrochloric acid at a constant concen¬ 
tration (0.1 M) of chloride ions would intersect all of the curves 
represented in figure 1 with the exception of the curve for flavianic 
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acid. The intersections with the curves for hydro bromic acid and 
picric acid would occur so near the extremes of the 0.1 M curve that 
they are not well suited to the present calculation, but all of the other 
intersections may be used. At the point of intersection of the 0.1 
M hydrochloric acid curve 'with any curve in figure 1, the same amounts 
of two different acids are bound by the wool at the same pH. The 
same degree of combination with two different anions is thus brought 
about by the presence of different amounts of the respective anions 
by virtue of the difference of affinity for wool characterizing these 



Figure 3. —Dependence of the slope of theoretical titration curves on the protein- 

anion dissociation constant. 

The two leftmost curves are calculated from eq 6 and the others from eq 8. The change from eq 6 to eq 
8 between I{ A / =0.01 and 0.001 has been made in order to preserve consistency with the assumption 
K a '/K a =0.01. 

anions. It follows from the range of ratios of K&/K^ which has been 
adopted elsewhere that the ratio of the activities of the two anions in 
the two different experiments is inversely proportional to the ratio 
of the respective anion affinity constants. The anion affinity ratios 
which are obtained should be nearly the same as those given in column 
6 of table 2. 

The activity of potassium chloride at 0.1 M at 0° C is 0.0768 [18]. 
The assumption has been made that the activity of the anion in each 
experiment made in the absence of salt is equal to the activity of the 
hydrogen ion. It is very unlikely that this assumption is true; but 
the experimental value, pH, is related to the activities of both ions, 
and methods of obtaining individual ion activities are at present 
unknown. By dividing 0.0768 by the antilogarithm of the negative 
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of the pH, the values given in the last column of table 2 have been 
obtained. In view of the fact that the intersecting curves were drawn 
freehand and that the two kinds of data were obtained with different 
lots of wool, the agreement of the values in the last column with those 
in column 6 is satisfactorily close. 9 

3. RESULTS OBTAINED IN THE PRESENCE OF SALT 

It should be possible to predict the displacements that would be 
found if the same acids were used in the presence of constant concen¬ 
trations of their anions, added as neutral salts. By starting with eq 
1 and 7 instead of eq 6 and 8, and making the same simplification 
which was carried out in arriving at eq 6" and 8", formulas which 
give the relation between K/ and the midpoint pH when the measure¬ 
ments are made in the presence of any constant concentration of 
anions are obtained: 


K ' = a —_ 

■^A -U-A 


K n ' 


KJ 


a 


&n-\-Ku 

K' 


( 1 ") 


(7") 


In these equations the quadratic term a H 2 , found in eq 6" and 8". 
does not appear. In the range of relatively low affinities, therefore, 
a given change in K’/ will, in the presence of constant anion concen¬ 
trations, produce twice the pH change which corresponds to this change 
in K k ' in the absence of salt. With anions having higher affinities, 
however, displacements in midpoint pH values obtained in the 
presence and absence of salt will differ by less than a factor of 2. 
These predictions have been tested by making measurements with 
a number of the acids included in table 1, in the presence of 0.1 M 
concentrations of their anions, added as the potassium salts. The 
results of these titrations are summarized in table 3 and are repre¬ 
sented graphically in figure 4. As the figure shows clearly, the dif¬ 
ference in the pH values of the midpoints of the hydrochloric acid 

. , ^ curves is twice as great for curves obtained 

in the presence of salt as for those obtained in its absence. The 
ddf ercnce between the midpoints of the hydrochloric acid and naph- 
thalenesulfonic acid curves is somewhat less than twice as great in 
the presence of salt as in its absence. Both differences thus agree 
with the predictions of the equations. 

Similar experiments have also been made at 25° C with Orange II 
in the presence of a constant concentration of its colored anion, added 
as the sodium salt. The affinity of this anion is so great that It com¬ 
bines with the protein in considerable amounts at pH values at which 
only small amounts of hydrogen ion are normally taken up The 
resulting negative charge on the fiber is neutralized, as in all the cases 
covered by eq 7 and 8, by adsorption of positive ions. In the presence 
of salt, appreciable quantities of sodium ions, as well as hydrogen 
ions, are bound Thus, eq 7 no longer gives the amount of acid 
taken up a lone, but the sum of the amounts of acid and of salt. Since 

been o^lb^M wK?«" of acids have 
The relative affinities of the two anions calcffiateTfrom thk rat io combined have been determined, 

described in this paper. Since the meSoffi w,th th .° res . u l ts of the methods 

no data are given in the present nape? andhfiwork { CXp ^n with * ci<ls for which 
these calculations are given hero. P ' ' ork Wlth these acids Is still in progress, no examples of 
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Figure 4. —Comparison of the titration curve of wool protein obtained with three 
different acids in the absence of salt at 0° C, with the curves obtained at the same 
temperature in the presence of a constant concentration (0.1 M) of the anions of 
the acids. 


Table 3. —Combination of wool protein with various acids , in the presence of a 

constant concentration of anions of the acids (0.1 M ), at 0° C 



* Data for hydrochloric acid at several other chloride concentrations have already been published. 
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the analysis of these data thus requires the development of a tech¬ 
nique for the accurate estimation of this sum, the data obtained with 
Orange II at a constant concentration of its anion are not included in 
the present paper. The great steepness of the 0.1 M naphthalene- 
sulfonate curve in figure 4 is due, in part, to combination with small 
amounts of salt at high pH values. These should have been added 
to the amounts of acid combined in order that the resulting curve 
should be described by eq 7. 


4. EFFECT OF TEMPERATURE ON ANION AFFINITY 


It has been shown [38] that a comparison of titration data obtained 
at two different temperatures permits an estimation of heat changes 
accompanying the dissociation of the protein-anion complex. Meas¬ 
urements at 25° C have therefore been made with four acids of widely 
different affinities. The results, summarized in table 4, also provide 
a basis of comparison for those acids which it was impractical to 
mvestigate at 0° C. Results obtained at 25° C with one of these 
acids, Orange II, are also included in the table. All of the data of 
table 4, combined with the data from table 1 for three of the acids 
at 0° C, are shown in figure 5. As the figure makes clear, the effect 
of temperature on the position with respect to pH of the curves ob¬ 
tained with picric acid (0.34 pH unit) is considerably greater than 
its effect on the curves for naphtlialenesulfonic acid (0.21 unit) 
which in turn show a greater effect than the curves for hydrochloric 
acid (0.16 unit). No estimate is attempted of the effect of temperature 
°n the position of curves for flavianic acid, since the data obtained at 
0 C with tins acid probably did not represent final equilibrium.* 


Table 4 .—Combination of wool protein with various acids at 25 ° C, in the absence 

of added salt 


Hydrochloric 

acid 

pH 

M-eq/g 

0. 638 

0. 877 

.826 

.802 

1.448 

.687 

1.710 

.599 

1.915 

.520 

2. 191 

.402 

2. 406 

.316 

2. 722 

.225 

3. 093 

.143 

3. 370 

.087 

3. 962 

.036 

4. 603 

.014 

6. 257 

.013 

6. 375 

.026 

6. 825 

.035 

7.275 

.042 


Naphthalene-0- 
sulfonic acid 


pH 
1.452 
1.850 
2. 240 

2. 591 

3. 037 
3.415 

3. 852 

4. 422 


M-eq/g 
0. 827 
.757 
.734 
.608 
.401 
.272 
. 167 
.094 


Picric acid 


pH 
1.625 
1.776 
2. 055 
2. 359 
2, 402 

2. 924 
3.414 

3. 552 

3. 786 

4. 094 

4. 465 
4.868 

5. 36 
5.68 

6. 604 


M-eq/g 
0.903 
.886 
.797 
.773 
.762 
.622 
.447 
.431 
.304 
.209 
. 140 
.094 
.054 
.033 
.015 


Flavianic acid 

pH 

M-eq/g 

1.365 

1.555 

1.664 

1.378 

2. 040 

1.140 

2. 479 

0. 930 

3.214 

.710 

3. 830 

.460 

4. 390 

.328 

4. 775 

.212 

5.090 

. 153 

6.419 

.075 

5.800 

.047 

6. 11 

.022 


Orange II 


pH 
1.656 
1.825 
2. 062 
2.668 
4.308 
5. 059 

5. 934 

6. 169 
6. 408 
6. 421 
6. 879 
6. 926 
6. 72 


M-eq/g 
0. 627 
.624 
.627 
.592 
.500 
.334 
.204 
. 133 
.0856 
.0530 
.0390 
.0280 
.0175 


* Equilibrium n ot attained. See text, p. 314 . 

^ figure 5. as 

perature up to values of acid combined of at least 065 mluimoS nir for Pt nc acid at the same tem- 

thatin this range of pH values the flavianateions^ombffinJwith^h* indication 

longed, and effectively neutralize two of the positiwlych^e^hLf^r^l Predominantly doubly 
pH \alues where the data are represented hv fthrnbn i; TW , ♦K r> ^ basic groups in the protein. At lower 

k doubly dissociated is so small tliat a pS otthl ionswhffi 5 >k° total flaviauic acid which 

most concentrated solutions, combination with tho aw n £? b “ e , th th ® flb( r r monovalent. In the 
ion, so that a plateau at 0.82 millimole ratherThanat o 82 entlrely with tha monovalent 
the concentration of flavianic acid is extremelv tntr!* ' ic( * ulva fmt would presumably be found. Since 
antly dibasic, it is dear that the afflSty " te d!„Wv rt3 pH n whl 9? a11 tbe ““ 8 ™ pridotrin- 
valent ion. Trinltror<«ordnol al“ wmbincs wfth °«°^? bIy th8n ‘hat of 

greater dilution. To avoid complicating figure l nnlv tho m ao!° ^ a dibasic acid, when present in 
function of this acid were included in the figlre. Si^L^ 
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pH 

Figure 5. —Comparison of the titration curves 

and 25° C. 


of wool with various acids at 



Table 5. 


Calculation of anion affinity constants and heats of dissociation at 25 

and 50° C 



pH of -log .KV 
midpoint from eq 8' 


Hydrochloric- 

Naphthalene-0-sulfonic 

Picric.. 

Flavianic--- 

Orange II a - 


2.16 
3.03 

3. 52 

4. 07 
4. 76 


Hydrochloric 
Orange 11*—. 


2 . 21 

4. 21 


£5° C 
0.31 
1.97 
2. 89 
*3. 77 
* 4.68 


60° C 

0.38 
3. 97 



0. 49 
.0107 
.00129 
.000170 
®. 000021 


0. 42 
.000107 


Affinity 
relative 
to affini¬ 
ty of 
chloride 


46 
380 
2,880 
« 23, 400 


3,900 


K/ \ 2S ° 


m 



1.4 
1.8 
2. S' 


/ Ka'V °° 

[Ka'Jh 0 
0. 85 
o 5.09 


AH**o for 

0 

anion dis¬ 
sociation 


Calories 
2,170 
3.850 
6, 670 


40 

AHt 5 ° 
-1, 630 
° 12, 500 


» Molecular weight, 328.3. „ v _ , . .. 

* Expressed for purposes of comparison as if the anion were monovalent. Refer to text, 
o The Orange II data at 25° C do not represent equilibrium values. Thus the relative 

temperature, and the value of AH^ 0 are minimal. 


affinity for this 
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The affinities at 25° C of the acids represented in figure 5, calcu¬ 
lated from eq 8", are given in the first part of table 5. The values of 
Kf listed in column 4 were obtained graphically from the curve for 
25° C in figure 2. Thus the effect of temperature on K& has been 
taken into account. Owing to the inclusion of data for Orange II, 
the differences of affinity comprised in this table cover almost eight 
times as wide a range as those listed in table 2. 

The sixth column of the table gives the ratio of the protein-anion 
dissociation constants at 25° and 0° C. From this ratio, and the 
van’t Hoff equation, the average heat of dissociation in this range of 



Figure 6.— Combination of wool protein with the azodye acid Orange II, and with 

hydrochloric acid as a f unction of pH at 50° C . 

The significance of the crosses is explained in the text. For comparison, data obtained with Oranee II 
at 25° C are included. 


temperature has be'en calculated. The values so obtained are given 
in the last column. The heats of dissociation rise from some 2 000 
calories with chloride ion to nearly 7,000 calories with picrate. ’ As 

should be expected, more energy is required to dissociate the more 
tightly bound ions. 10 

In order to evaluate the effect of temperature on the affinitv of 
Orange II, the amounts of this acid combined by wool were also meas- 
iired at; 5°° C, after allowing a period of 5 days for the attainment of 
equilibrium. The results, together with data for hydrochloric acid 
at the same temperature are represented graphically in figure 6 The 
maximum amounts combined are in fair agreement with those re¬ 
ported for high concentrations of this dye by Ender and Muller [121 
Included m the figure for the purpose of comparison are the data 


10 The value of K a ' at 25° C was chosen on the basis of the earlier analvsis nf * 

the combination of wool with hydrochloric acid [38], in which it was aSumed thatthfheltn^ 
ions from the solution to the fiber could be neglected. The hea^^dS ° f th ° 

therefore be subject to a small correction. Sind this correction would be pracSlv Invariant i^annHr/ 
tion would not affect the relative order of the heats of dissociation, nor thereat betww^S: 
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obtained with Orange II at 25° C. The measurements represented 
by crosses were obtained at 50° C by determining the increase in dry 
weight of the fibers as the result of combination with dye. The small 
discrepancies between the two sets of results (larger the more acid the 
solution) are accounted for by the fact that small amounts of amide 
nitrogen are split off, as a result of the prolonged exposure to dye at 
this temperature, and affect the apparent dye uptake estimated from 
the difference in the acid titer of the dye bath brought about by the 
wool. The amounts of ammonia produced by comparable exposure 
to the same concentrations of hydrochloric acid are smaller. 

A comparison of the titration curve obtained with Orange II at 
50° C with the portion of the curve obtained at 25° C strongly sug¬ 
gests that the data for the lower temperature do not represent a final 
equilibrium state. This was clearly the case when higher concentra¬ 
tions of dye were used at 25° C; combination of dye in 35 days at this 
temperature in no case exceeded 0.63 millimole, even when solutions 
more acid than those used at 50° C were employed. The affinity of 
the dye anion at 25° C (listed in the first part of table 5) must there¬ 
fore be regarded as minimal. Thus, the heat of dissociation of the 
dye anions is even larger than the value in the table (12,500 calories), 
and exceeds by a large factor the heats of dissociation of the other 
ions listed. This large value also suggests an explanation of why the 
rates of dyeing and of stripping are so much affected by temperature. 
Since the anions are held much more loosely at elevated temperatures 
(the factor is greater than 5 in the interval 25° to 50° C), they are 
more readily passed on from one combining group in the fiber to 
another, toward the innermost parts of the fiber from the peripheral 
portions which are first dyed, or in the stripping process in the oppo¬ 
site direction. 

IV. COMBINATION OF ANIONS WITH A DISSOLVED 

PROTEIN 

If it can be shown that stoichiometric combination with anions 
occurs, in the reaction of both soluble and insoluble proteins with 
acids, there is a wide range of application in which it must be taken 
into account. 11 If it occurs only with wool or with fibrous proteins, 12 
the distinction must be regarded as a clue to the nature of the specific 
structural differences between soluble and insoluble proteins. 

To determine whether the marked differences in the titration curves 
of wool obtained with different acids are also to be found with dis¬ 
solved proteins, determinations were made of titration curves of the 
soluble protein, egg albumin, with several of the same acids. The 
results of these measurements at 22° C are summarized in table 6 
and shown in figure 7. The position of the broken line at the top of 
this figure, inserted for reference, shows the maximum acid-binding 
capacity, indicated by the work of Kekwick and Cannan with hydro¬ 
chloric acid [22]. The crosses distinguish measurements in which 
incipient precipitation was indicated by a faint opalescence. In 
every case measurements with higher concentrations of the acid 
produced a visible precipitate, and have been omitted from both the 

Examples are (a) the calculation of Donnan membrane potentials or ion-distribution ratios, in wh^ 0 ? 1 
disagreement with experiment often appears [3, 4] unless combination with ions other than H> and OH- is 
taken into account [11; (b) the possibility of forming physiologically significant weakly dissociated protein 
complexes, such as with calcium [10]. „ , 

i* The amounts of acid or base combined with silk at any pH [131 have the same first-order dependence on 
the concentration of anions and cations, respectively, that characterizes wool. 
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p h 

Figure 7. —Combination of a dissolved protein, egg albumin, with various strong 

adds as a function of pH. 

The significance of tho'crosses'is'cxplained in the text. 


Table 6. —Combination of a dissolved protein , egg albumin , with various acids at 

22° C, in the absence of added salt 


Hydrochloric 

acid 

Benzenesul- 
fonic acid 

Nitric acid 

2,4-Dinitro- 
benzenesul- 
fonic acid 

Naphthalene- 
sulfonic acid 

Picric acid 

pH 

M-eqlg 

pH 


pH 

M-eqlg 

pH 

M-eqlg 

pH 

M-eqlg 

pH 

M-eqlg 

2. 109 

4- 1 ft vJ 

2. 362 


2.840 


• 2.181 


•2. 488 

BaOFIfcll 

•3.086 


2. 438 

.658 

2.688 

.523 

3.041 

.462 

2. 499 


2. 848 

.645 

3. 248 

.564 

2. 766 

A A 

.524 

2. 959 

.468 

3. 282 

.371 

2. 859 



.550 

3. 385 


3. 140 

.392 

3. 220 

.411 

3. 598 

.262 

3. 049 

.474 

3. 340, 

.396 

3. 618 


3. 548 

.277 

3. 450 


3. 764 

.221 

3. 298 

.380 


.292 

3. 825 

. 237 

3. 777 

.222 

3. 726 

I .236 

4. 028 

. 163 

3. 599 

.262 


.244 

4.047 

. 185 

3. 994 

. 181 

4. 020 


4. 198 

. 135 

3. 760 

.224 

jyifnN 

. 180 

4. 282 

. 141 

4. 105 

. 152 

4. 273 


4. 360 


4. 022 

.166 

4. 181 

. 148 

4.450 

fmtm 

4. 260 

. 123 

4.515 


4. 559 


4.196 

.139 

4. 339 

wiTrn 

mWwji 

Jr 

4. 393 


5.092 


5. 092 


4. 348 


4. 537 

.081 



4. 677 






4. 535 


5. 092 



5. 092 






5. 092 


■ 



Flavianic acid 


pH 
3.608 

3. 772 
3.939 
4.150 

4. 338 
5.092 


M-eqlg 
0.456 
.340 
.282 
.211 
. 155 
.000 


^ _ - * 

°P? 1 tf cent - Higher concentrations of acid produced a visible precipitate. Measurements 
made at these higher concentrations are therefore omitted from the table. v v uremenra 


table and the figure in order to avoid all possibility that the effects 

described may have been due, in whole or in part, to the existence of 
two macroscopic phases. 

The differences between the curves shown in figure 7 obviously 
correspond to the differences found with wool. With one exception, 
the affinities of the anions for egg albumin are in the same order as 
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their affinities for wool. One difference, however, distinguishes the 
two sets of data. The positions of points along the curves for ego- 
albumin show no tendency to remain equidistant with respect to the 
pti axis; neighboring curves converge strongly as decreasing amounts 
ol acid are bound. This convergence may be regarded as a con- 
scquence of the excess of carboxyl groups over amino groups in the 
dissolved protein. Because of this inequality only a part of the car- 

oxy 1 groups are ionized in the uncombined state, and this part alone is 
free to accept hydrogen ions from the acids. The complete titration 
curve of all the carboxyl groups of the protein extends beyond the 
isoionic point and can only be obtained by titration with base as well 
as with acid. The part of the carboxyl curve which is obtained by 
combination with base m the absence of salt is not governed by the 
affinity properties of anions, since the cations of bases rather than the 
anions of acids are present when it is obtained. Thus, unless salt is 
piescnt, the influence of the anion disappears entirely at the point of 
zero combination with acid. This circumstance tends to obscure the 
simplicity of the theoretical relation between the affinity of the anion 
and the pH coordinates of acid titration curves. This simplicity will 
manifest itself only when the acid combination curve coincides with 
the titration curve of the carboxyl groups as a whole, as it does with 
wool. With salt present a secondary effect of the anion beyond the 
point of zero combination may be observed, as the data of Briggs [5] 
obtained on serum albumin with metaphosphate plainly show. 

Since the curves in figure 7 converge sharply, it is difficult to compare 
the absolute magnitudes of the differences in affinity of the several 
anions with the corresponding differences found with wool. Obviously, 
the comparison should be made between solutions which are as far as 
possible from the isoionic point in order to minimize the effects of the 
convergence. The data do not extend to very acid solutions, but at 
the extreme of the range represented the differences in the pH coordi¬ 
nates of the curves approach values only slightly smaller than the 
differences between curves for the same acids in figure l. 13 

Since the theory of stoichiometric anion combination was originally 
formulated to account for the large effects of the presence of salt on 
the hydrochloric acid combination curves of wool, the application of 
this theory to the much smaller salt effects described by Cannan for 
egg albumin [6] seemed at first uncalled for. The experiments just 
described, however, suggest that the difference between the titration 
curves of dissolved and undissolved proteins in the absence of salt 
[36] cannot be due to the failure of anions to combine with the dis¬ 
solved protein. The contradiction between the results of the two 
kinds of experiments is only apparent, since the existence of a stoi¬ 
chiometric salt effect is not an inevitable consequence of every situation 
to which eq 1 may be applied. Such salt effects are found only when 
K A '^>a A ^>K A . When Kf and K A are both very large, the bracketed 
term in the denominator of eq 1 approaches a constant and is nearly 
independent of a A . When both constants are very small, the bracketed 
term approaches unity and is again nearly independent of a A . In 

18 Results of the kind described for both proteins may furnish a basis for explanations of the many reports 
of ion specificity in the literature of protein and enzyme chemistry. Attempts have been made to deal with 
some of these specific properties, such as differences in salting-out effectiveness, by treatment of the electro¬ 
static interaction between ions having different sizes, shapes, and electric moments. Many phenomena 
of specificity remain, however, for which plausible explanations, based on simple electrostatic considerations 
alone, are not easily obtained. Among these are numerous instances of differences in the electrophoretic 
mobility of various proteins when different anions or different concentrations of anions are present in buffers 
[9, 14, 31, 391, and large-scale differences in the effectiveness of various anions in environments producing 
protein^denaturation [15, 35]. 
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either case (corresponding to extremely low or extremely high affinity 
of anions for the protein) the availability of hydrogen ions rather than 
of anions becomes the factor limiting the extent of combination with 
acid. Thus, as in the case of egg albumin, the titration curve obtained 
in the absence of salt will not differ greatly from those obtained at 
constant anion concentrations. 

In view of the numerous indications that dissolved proteins do 
combine with such commonly employed anions as chloride, acetate, 
and phosphate, but not to an extent comparable to their combination 
with hydrogen ions in acid solutions [1, 3, 14, 39], the first of the two 
alternatives ( K / and K k large) probably applies in the case of these 
simpler ions. The difference in the absolute values of these constants 
characterizing the soluble and insoluble proteins may be related to 
the structural factors responsible for the differences in their respective 
states of dispersion. 

It should be noted in figure 7 that precipitation occurred at con¬ 
centrations which were in the inverse order of the affinities. Picrate 
and flavianate are ions having a high precipitating efficiency for 
proteins, but many others, such as tannate and metaphosphate, are 
equally well known [28, 29, 26, 5]. It would be of interest to deter¬ 
mine to what extent protein precipitation by specific reagents, such 
as picrate or tannate, and the salting out of proteins with various 
salts may be regarded as manifestations of the same general protein- 
anion equilibrium. ’When the affinity is so great that the presence of 
only small amounts suffices to cause combination and precipitation, 
the anion or acid is naturally described as a specific protein precipitant. 
When the affinity is low and large excesses are required, the combi¬ 
nation and precipitation may have many of the characteristics 
associated with salting out. With extremely low affinities, such as 
that of chloride, salting out is often not practicable. 

V. THE RELATION OF ANION AFFINITY TO SIZE, STRUC¬ 
TURE, AND BASICITY OF IONS 


If the phenomena reported in the present paper are to be ascribed 
to the formation of partially dissociated protein-anion combinations, 
it is logical to inquire into the nature of the forces which confer on 
different ions so wide a range of affinities for protein. The existence 
in certain kinds of solutions of ion combinations which are only 
partially dissociated is now well established [7, 24]. Such combina¬ 
tions may be formed in two possible ways, involving either directed 
or undirected valence forces. The first alternative involves the 
formation of a bond having a partially covalent nature, or a hydrogen 
bond; the second comprises various kinds of polar forces, whether 
electrostatic (coulombic) in nature or otherwise and includes van der 
Waals forces. If the first type is involved, the principal relation 
lound among the anions should be an inverse one of affinity to the 
intrinsic strength of the acid. 14 The relations found in cases to which 
the second alternative applies would be expected to be more complex. 

oince most of the acids included in the present research are of 
approximately equal strengths in water, but differ widely in affinity 
the first alternative seems to have little in its favor. Nevertheless a 
'part of the total binding energy between anion and protein might 


(when°the anion Ispolyatomic^is^^ne^rKkr^consi^e^thjn!^ 6 Pr0 ' Cin ^ the Charged of the ani °° 
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still be due to the formation of a directed bond, especially since the 
intrinsic strengths of the various acids, as distinguished from their 
apparent strengths in water, are not all equal. 

In an effort to appraise more closely the influence of the basicity 
of the anion on the affinity, comparisons (fig. 8) have been made of 
the results obtained with pairs of closely similar acids, such as ben- 
zenesulfonic and benzoic acids, which differ widely in strength. The 
data shown are limited to ranges of pH in which the concentration 
of the undissociated form of the weak acid does not exceed 0.1 M, 
in order to avoid effects, due to the presence of larger amounts, which 
have been described elsewhere [37]. There is very little difference 



Figure 8. —Comparison of portions of the acid titration curves of wool protein ob¬ 
tained with pairs of analogous acids which differ widely in strength. 

between the amounts of strong and of weak acid combined at a given 
pH in the case of the benzenesulfonic-benzoic acid comparison. On 
the other hand, the anion of dinitrophenol appears to have a definitely 
higher affinity for wool than the anion of its totally dissociated 
analogue, dinitrobenzenesulfonic acid. The opposite situation is 
found in experiments (still in progress) on a series of aliphatic car¬ 
boxylic acids. These have even lower affinities for wool than has 
hydrochloric acid; in addition, the weaker acids have lower affinities 
than the relatively strong members of the series. The affinities of 
all of them are increased by the introduction of a halogen or of a 
hydroxyl group, although the derivatives thus formed are consider¬ 
ably stronger acids. Since there is no consistency in these results, 
it seems likely that the differences found are due to specific structural 
effects rather than to differences in acidity. 

An indication of the nature of the undirected forces to which the 
principal recourse must therefore be had is to be found in the fairly 
regular correspondence between the order of affinities and of molecular 
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weights, shown in table 2. Such a dependence on the mass of the 
anion is consistent with the Fajans rule, which deals with the degree 
of ionic character of bonds and their consequent tendency to disso¬ 
ciate. However, a dependence on mass, or functions of ion size related 
to it, is also generally characteristic of similar phenomena which 
depend, at least in part, on van der Waals forces, or adsorption [19]. 

The several exceptions to a strict correspondence between the 
relative masses of the ions and their affinities provide further informa¬ 
tion as to the relation between structure and affinity. Thus the 
affinities of the aliphatic carboxylate ions already mentioned do not 
fall into a molecular weight order; likewise, ethylsulfate ion lias as low 
an affinity as the much smaller chloride ion, and is lower in relative 
affinity than the smaller bromide and nitrate ions. The anion of 
trinitroresorcinol is slightly lower in affinity than picrate, although 
it is slightly heavier. Napthalenesulfonate is higher in affinity than 
the heavier dinitrobenzenesulfonate ion. 

A possible way of resolving these discrepancies without introducing 
a host of special assumptions is suggested if due regard is had for the 
shapes of the various ions and the character of the surfaces which 
they present to the protein. Two-dimensional ions (those derived 
from simple benzenoid compounds) appear to possess higher affinities 
than either compact three-dimensional or chain-like particles of the 
same mass. The nature of the substituents added appears to be of 
less importance than their mass as long as there is no steric hindrance 
to their lying in the plane of the ring. Such a hindrance appears to 
operate in the case of the monovalent trinitroresorcinol ion, which 
has an appreciably lower affinity than picrate. It appears doubtful, 
from the study of models, whether the undissociated hydroxyl group 
in this ion can lie in the plane of the ring. When the flat configuration 
is imposed by the existence of conjugated double bonds, as in naphtha- 
lenesulfonic acid, the affinity relative to a disubstituted benzenoid 
compound of the same mass gains accordingly. Wide differences 
between the degree of substantivity of o- and m-substituted benzidine 
azo dyes cited by Robinson and Mills [27] furnish extreme examples 
which are entirely consistent with the present suggestion. 

The fact that ion flatness appears to favor affinity for protein need 
not be interpreted as an exclusive dependence of affinity on the size 
of the surface presented by an ion. Saturated aliphatic hydrocarbon 
chains in an ion probably do not exercise any considerable attractive 
forces on the fragments of hydrocarbon chains which exist on the 
surface of the protein. A close approach between them is obstructed 
by the outer shell of hydrogen atoms common to both. Thus, the 
greater affinity of ions composed of aromatic hydrocarbons may be 
due to the absence of this obstructive shell on two of their largest 
surfaces. If, in addition, electronegative substituents, such as 
chlorine, or the oxygen of nitro groups, are presented by the ion to the 
protein, strong attractive forces may arise, replacing the relative 
indifference which determines the behavior toward protein of the 
unsubstituted hydrocarbon. Experiments designed to test these 
views, and the possibility of applying them in the deliberate control 
of affinity, are at present in progress. 
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EFFECT OF THE QUENCHING RATE ON SUSCEPTIBILITY 
TO INTERCRYSTALLINE CORROSION OF HEAT- 
TREATED 24S ALUMINUM ALLOY SHEET 

By Hugh L. Logan 


abstract 

The effect of the quenching rate of the 24S aluminum alloy upon its behavior 
in an accelerated corroding solution (NaCl + H 2 0 2 + H 2 0) was determined. 
Specimens cooled from a temperature above 400° C at a rate in excess of 815° to 
1,110° C/sec (increasing with increasing copper content of the alloy) were sus¬ 
ceptible only to the pitting type of corrosion. Specimens cooled at a rate less 
than 300° to 400° C/sec (increasing with increasing copper content) and specimens 
cooled slowly to a temperature below 400° C before quenching were subject to 
severe intercrystalline corrosion. For cooling rates between the above ranges 
there was a gradual change from one type of corrosion to the other. 

Cooling rates were determined by means of a thermocouple and an Einthoven 
string galvanometer. 
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I. INTRODUCTION 

There are two commercial aluminum alloys of the duralumin type 
that are widely used in aircraft structures in this country. Both 
alloys are ordinarily used in the heat-treated condition. The principal 
. ^ ^ • A J • , are copper, magnesium, manganese, and silicon, 

the chief difference in composition of the two being in the copper and 
magnesium content. Because of its higher strength, the alloy con¬ 
taining the relatively larger amounts of copper and magnesium is now 
usually preferred in aircraft structures. The designation of this alloy 
24b, by its manufacturer, the Aluminum Company of America is 
generally used in referring to this material. ’ 

• T / h N recommended heat treatment for any aluminum alloy consists 
in: (a) heating to form a solid solution of the essential alloy constitu¬ 
ents in the aluminum; (b) cooling rapidly from the solution tempera- 
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ture to approximately room temperature; (c) aging at room tempera¬ 
ture or at some optimum elevated temperature. The recommended 
solution heat-treatment temperature for the 24S alloy is 493° ±5° C. 
The aging effect (hardening) is completed in about 4 days at room 
temperature. 

Without surface protection, this alloy is not immune to corrosion, 
and the severity of the corrosion damage varies greatly according to 
the environment. The most damaging corrosion is that which 
penetrates along the grain boundaries, causing a significant decrease 
in strength and ductility out of all proportion to the outward, visible 
evidence of the severity of the damage. However, if cooled from the 
solution temperature at a sufficiently rapid rate, the alloy is im m une 
to intercrystalline corrosive attack, even in severely corrosive environ¬ 
ments. 

Very little published information is available concerning the rates, 
in quantitative terms (degrees per unit of time), at which it is neces¬ 
sary to cool the 24S alloy from the solution temperature in order to 
avoid susceptibility to intercrystalline corrosion. In the recom¬ 
mended procedures for the heat treatment, the most specific statement 
concerning the cooling rate is that the alloy shall be “quenched in cold 
water.” In industrial heat-treating operations, in which large 
quantities of material are handled at one time, wide variations in 
cooling rates are to be expected—not only because of differences in 
the temperature of the cooling water but also because of unavoidable 
difficulties in cooling every portion of a large piece, or every piece of a 
large batch, uniformly at the same rate, even if the cooling water is 
at a properly “cold” temperature. Procedures other than plunging 
the material into cold water may cool the alloy at rates entirely too 
slow to provide immunity to intercrystalline corrosion. 

Drastic cooling, in the endeavor to render the alloy immune to 
intercrystalline corrosion, may result in distortion of the quenched 
material and necessitate expensive straightening operations. In 
many cases it would be desirable to fabricate a structure from material 
in the soft or annealed condition and subsequently to heat-treat it, 
if the structure could be cooled slowly enough to minimize distortion 
and still rapidly enough to insure immunity to intercrystalline 
corrosion. 

The strength and hardness of the heat-treated alloy are not signifi¬ 
cantly affected by the cooling rate for a wide range of rates, including 
those which render the alloy susceptible to severe intercrystalline 
corrosion. Results of tensile and hardness tests generally do not 
indicate whether or not the alloy was cooled from the solution temper¬ 
ature with sufficient rapidity to prevent intercrystalline corrosion. 

This report 1 describes the method used at the National Bureau of 
Standards for determining cooling rates of specimens of 24S aluminum 
alloy sheet cooled from the recommended solution temperature by 
“quenching” in water maintained at different temperatures, and also 
gives results of a study to determine the relations between the cooling 
rates and susceptibility to intercrystalline corrosion. The minimum 
cooling rates that would provide immunity to intercrystalline corrosion 
were also determined for the specimens available. 

1 A preliminary report was presented before the American Physical Society, April 29, 1939. Phys. Rev. 

55, 1139 (1939). 
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II. EXPERIMENTAL PROCEDURE 

1. MATERIALS 

It is generally believed that the mode of combination and distri¬ 
bution of the copper, rather than of the magnesium and manganese, in 
the alloys of the duralumin type, is the basic factor that determines 
whether or not the alloys are susceptible to intercrystalline corrosion, 
and furthermore, that the rate of cooling from the solution tempera¬ 
ture has an important effect on the mode of combination and distri¬ 
bution of the copper in these alloys. It was considered important in 
determining the critical cooling rates of the commercial 24S alloy to 
obtain data on alloys of different copper contents. Through the 
courtesy of the Aluminum Company of America, sheet material, 0.040 
in. thick, and in the annealed condition, was furnished in the com¬ 
positions given in table 1. 

Table 1. — Compositions of 24S alloy sheet 


Alloy number 

Copper 

Magne¬ 

sium 

Manga¬ 

nese 

Iron 

Silicon 

Alumi¬ 
num 
(by dif¬ 
ference) 


% 

% 

% 

% 

% 

% 

A05. 

4.05 

1.49 

0.64 

0.28 

0. 19 

93. 35 

A27. 

4.27 

1.51 

.65 

.27 

. 19 

93.11 

A 64.. 

4.64 

1.61 

.63 

.27 

.21 

92. 64 


2. DETERMINATIONS OF COOLING RATES 

Specimens % by y 2 in. were cut from the 0.04-in. sheets of the three 
compositions given in table 1. The temperatures of the specimens 
during heat treatment were measured with Chromel-Alumel thermo¬ 
couples peened into 0.018-in. holes drilled into the specimens, as 
shown in figure 1. The thermocouple circuit was completed through 
the specimen itself, and the results are based on the assumption that 
the indicated temperature is that at the surface of the specimen, at 
the point of contact. Calculation shows that the surface temperature 
in a specimen of the dimensions used does not differ by more than 
3° C from that of the center, for the cooling rates plotted in figure 3. 
The specimens were heated in air in a vertical electrical resistance 
tube furnace at the solution temperature (493° ±5° C) for 30 minutes. 
The thermocouple wires and insulating tubing served as a support for 
lowering the specimens into the quenching bath placed immediately 
below the furnace tube. 

The rapid changes in temperature that occurred in the specimens 
during quenching were recorded photographically as time-tempera¬ 
ture cooling curves by means of an Einthoven string galvanometer 
and auxiliary apparatus shown in figure 2. The thermocouple wires 
from the specimen were connected in series with the galvanometer 
string which was a tungsten wire (0.0002- to 0.0003-in. diameter) 
located vertically in the horizontal magnetic field in the galvanometer, 
G. The current in the thermocouple circuit caused deflections of the 

string” in the magnetic field that (resistance of the circuit remaining 
constant) are proportional to the emf, and therefore to the tempera¬ 
ture, inasmuch as the temperature-emf relation of the thermocouple 
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is practically a straight line. The computed change in the resistance 
of the thermocouple, in the range 20° to '500° C, was so small com¬ 
pared to the resistance of the whole circuit that it was within the 
experimental error and could be neglected. The motion of the 
“string”, magnified 500 times, was recorded by its shadow in the 
beam of light coming through the lens system C-C', on a moving strip 
of photographic paper in the camera, R. A rotating sector, /, driven 
m synchronism with an electric tuning fork, interrupted the light 
beam at intervals of 0.04 second and thus produced a time scale on 
the recording paper. A grating mounted in the camera reproduced 
the temperature scale. Time intervals could be estimated to 0 01 
second and temperature to 2%° C. The apparatus was calibrated 
before the quenching of each specimen by recording on the photo¬ 
graphic paper the zero position of the string (zero emf) and the posi¬ 
tion of the string when the emf (determined by a potentiometer) of 
the thermocouple at the heat-treating temperature was applied to it. 
The use of this apparatus for measuring cooling rates of steels in 
different quenching media has been described elsewhere. 2 3 

To obtain different quenching rates on specimens of the same size, 
quenched from the same temperature, it was necessary to change the 
temperature of the quenching bath. Obviously the lower the tem¬ 
perature of the quenching bath, the more rapid the cooling rate for 
specimens of the same size. In water at 22° C, quenching rates as 
high as 10,000° C/sec were obtained; and in water at 80° C, the cool¬ 
ing rates were reduced to approximately 1,100° C/sec. 

The cooling rates obtained in this investigation at the various 
quenching water temperatures would not necessarily be obtained with 
specimens of different sizes or shapes, or with a mass of water which 
was not large compared with the mass of the specimens. 

Typical cooling curves obtained by quenching specimens in water 
at different temperatures are shown in figures 5 and 6. The tem¬ 
perature of the specimens decreased very slightly (3° to 10° C) 
between the time of withdrawal from the furnace and the time of 
quenching. The specimens cooled rapidly during the quenching 
until, after 0.05 to 3 seconds, they had reached a temperature of ap¬ 
proximately 120° C. There was then an abrupt decrease in the 
cooling rate, and during the next 3 to 10 seconds the specimens reached 
the temperature of the quenching medium. 

The cooling rates given in this paper are average rates for the 
interval between the beginning of the “quench,” approximately 490° 

C, and the temperature at which rapid cooling ceased, 115° to 125° C 
in most cases. 

Numerous experiments indicated that the rate of cooling below a 
temperature of about 120° C had little or no influence on the sus¬ 
ceptibility of the 24S alloy sheet to intercrystalline corrosion, pro¬ 
vided the cooling rate above this temperature was sufficiently rapid. 

All of the specimens used in the work described here were quenched 
in a quantity of water large enough with respect to the mass of the 
specimen so that no significant temperature increase occurred in the 
water. With the small specimens used (K by K by 0.04 in.) it can be 
shown by calculation that the temperature gradients in the specimens 

J H. J. French and O. Z. Klopseh, Quenching diagrams for carbon steels in relation to some quenching media 
for heat treatment. Trans. Am. Soc. Steel Treating 6. 251 (1924). 

3 T. G. Digges, Influence of austenitic grain size on the critical cooling rate of high-purity iron-carbon alloys. 

J. Research NBS 24, 723 (1940) RP1308. 
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Figure 1 . — Arrangement of thermocouple wires on specimen during heating and 

cooling cycle. 

Wires serve as support for specimen in furnace and in quenching bath. XI. 



Figure 2. Rirdhoven string galvanometer and photographic recorder. 

G, galvanometer with "string” mounted in the large vertical tube. C-C', lens svstem for light beam from 
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were not great enough to make any significant difference between the 
cooling rate of the interior of the specimen and that at the sides, where 
the thermocouple wires were attached. 

3. CORROSION TESTS 

To determine the differences in corrosive attack on the alloy cooled 
at different rates, the specimens, after aging at room temperatu , 
were immersed for 48 hours in a water solution containing 57 g of 

was renewed aftei° the first 24-hour period. The kind and extent of 
the corrosion damage were observed by meta lJo^aphic examrn on f 

the corrosion obtained in a laboratory test of this kind cannot be 

Susceptible^T ^crystalline corrosion in . severely corrosrve 
environment. 

III. RESULTS 

1 EFFECT OF COOLING RATE UPON SUSCEPTIBILITY TO INTER- 

CRYSTALLINE CORROSION 

The unprotected 24S alloy in any condition wasi sjeverely c ° rro ^ 
corrosion obtained on. the various totor- 

KaUine^oSon' fa) 

o/corrosion obtained with any particular specimen depended pil- 
marilv upon the cooling rate and the copper content of the alloy. 
The results obtained on the specimens mvestigated are given m 

table 2 and figure 3. 

Table 2 .-Cooling rates obtained on specimens of 2JS aluminum alloy sheet and 

corresponding types oj corrosion 



Number of specimens sus¬ 
ceptible to— 


Copper 

content 


Range of cooling 
rates 


% 
4.05 
4.27 
4.64 
4.05 
4.27 
4.64 
4.05 
4.27 
4.64 
4. 05 
4.27 
4.64 


°C/sec 

815 to 1,325 
935 to 10,000 
1,110 to 1,645 
540 to 785 
585 to 875 

690 to 1,090 

305 to 525 

305 to 545 

405 to 670 

145 to 260 

95 to 300 

120 to 395 


Quenching Number 
water tem- of speci- 
perature mens 


°C 

83 to 86 
22 to 87 
80 to 83 
85 to 87 

84 to 90 

83 to 86 

84 to 93 

85 to 91 

84 to 91 
93 to 95 
90 to 98 

85 to 99 


12 

13 

4 

8 

13 

11 

12 

10 

11 

4 

12 

4 



Pitting 
and 
traces 
of inter¬ 
crystal¬ 
line cor¬ 
rosion 


0 

0 

0 

3 

7 

4 
10 

8 
8 
0 
0 
0 


Severe 

inter- 

crys¬ 

talline 

corrosion 


0 

0 

0 

0 

0 

0 

2 

2 

3 

4 
12 

4 


On specimens quenched at rates greater than those represented by 
curve A, figure 3 (815° to 1,110° C/sec), only the pittmg type of attack 
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was obtained with no intercrystalline penetration from the bottoms 
of the pits. This type of corrosive attack is illustrated in figure 4, 
A and B, showing cross sections of corroded sheet. 

corrosion was obtained on the specimens 
cooled at rates falling on or below curve C, figure 3. Typical examples 
are shown in figure 4, E and F. The corrosive attack was very severe 
at the grain boundaries and resulted in a general loss of cohesion, with 
entire grains or crystals dropping away from the main body of the 
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Figure 3. 


4.2 0 4.40 4.60 

PERCENT COPPER 

-Type of corrosion obtained on 2J+S alloy sheet of different copper contents 

quenched at different rates. 

Specimens cooled at rates above curve A were immune to intercrystalline corrosion; rates between curves 
A and B made specimens susceptible to pitting or to pitting with traces of intercrystalline corrosion; speci¬ 
mens cooled at rates below curve B were susceptible to intercrystalline corrosion in some degree, and at 
rates below curve C, to severe intercrystalline attack. 

material. The cooling rates on or below curve C (260° to 395° C/sec) 
all of which produced the condition resulting in severe intercrystalline 
attack, were obtained by quenching the specimens in water near the 
boiling point. Cooling rates obtained by allowing the specimens to 
cool from the solution temperature in still air, or in the air blast from 
a fan (velocity 900 to 1,200 ft/min), were 5° to 12° C/sec. 

These specimens also were susceptible to very severe intercrystalline 

corrosion. # . 

There was a gradual change from pitting to the predommantly 

intercrystalline type of corrosion in the specimens of the three com¬ 
positions of table 1, as the cooling rates were decreased from the 
values on or above curve A to those on or below curve C , figure 3. 
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Figure 4. —Cross sections of specimens of J.'+S aluminum allot / sheet showing 
penetration of corrosion from the exposed surfaces of the sheet , after immersion in 
the NaCH-H :>02 solution. 

A and Ii, pitting attack; C and I), traces of intercrystalline corrosion at the bottoms of pits; E and F, 

severe intercrystalline corrosion. Unetched. X100. 










3?**«*$: 

ie«»»a»: 

•$&‘$ifS;$ : $. : 

*S£»»*g 

^sss*** 


63&uro^$$$$$S 

A^^.^W»35:5?^ S S 


$$&1m O 


*&*>&& 


> X ft X 


«$*«' 


•: •-• ’ 



O iC 

X CO 

?x 


II 


•°-s 

0*5 


o . 

2, S 
2 « 
2t 


Cw » ■ ^ 

*1 

c o 

•— fc- 

c ~ 

gs 

. c 

o *-* 


*“ W 

2 = 
s 2 

*5 'X 

h3.| 

+■> 

Jj 

o c 


o *y: 

g 

u~ 

£ £ 
S tx 
c 

,— u. 


c E 

2.2 

CO - 

.-c 

J=c- 


I* 

c v 


^ = £ 

c gb 

t? S s- 
V —' - j 


rr c 

| •£ 

•*- S 

ol 


c^l — 


- tx 

c c 

cz •— 

^ w 

‘a* 

-r • - 

c,° 

tS 


2 g 

tx s 

5 5 


« e 









Research Paper 1378 



. 




. . .. . . . 

. . . .. * * aAk 

. v 







. .• • 

/f * i 


* iii 

• j • * * 





TO 

>f#. • • • » 

*•' * * 




'. . - : y. 

*>* 4 . ft* 1 ?! 3 




. bM 

k «> 


-.; 


) K% bM 

'. •. 



• * 4 ». 

Li 





V 




r 



'I'M*. 1 



. 

BPv^T*\^vv • b', 



• 

• -■ ^ r.^f ♦ 1 

1 

• • ' 1 , 




.tTT' 

vX^->‘. 






::'i; 

































































































































y/.’K v 






»> •_ 



> s x ; ^Y.v 







v*y 

v-y<« v 

BK S8888 v : • 



.>! v •> 

w®? 

&S$3 

V* <SV' • 



«S4I« 

ill I jliBW fjillj l> 
<’■’ IvX K W n 




tV. 

vC’ 

■^VA 



















































































































































Journal of Research of the National Bureau of Standards 


Research Paper 1378 




Figure 8. — Type of corrosion of 2J t S alloy quenched in water after an intermediate 

air cooling following withdrawal from the furnace. 

Photomicrographs show sections normal to corroded surfaces. Unotched. X100. 


400° 
cool 
at 4 


c; pitting only. H, quenched from 
nched from 398° C in water at 25° C; 
i. I), quenched from 394° C in water 
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For the cooling rates lying between curves A and B , the corrosion was 
predominantly pitting, with occasional specimens having traces of 
intercrystalline corrosion at the bottoms of the pits, as illustrated in 
figure 4, C and D. For the cooling rates lying between curves B and 
C , figure 3, all of the specimens contained some intercrystalline corro¬ 
sion, the attack varying from traces at the bottoms of pits, as shown 
by C and D, figure 4, to the generally severe intercrystalline attack, 
such as is shown in E and F f figure 4. 

It should be pointed out that there is no sharp line of demarcation 
between cooling rates that give one type of corrosion and another. 
For example, on certain specimens there were no traces of inter- 
crystalline corrosion for cooling rates as low as curve B , figure 3, and 
on others there were traces of intercrystalline corrosion for cooling 
rates as high as those lying on curve A. The results obtained indicate 
that the minimum cooling rates which render the materials immune 
to intercrystalline corrosion lie along curve A. 

Shown with the cooling curves, figures 5 and 6, are examples of the 
kinds of corrosion found on the heat-treated specimens after immer¬ 
sion in the oxidizing salt solution. The upper cooling curve in figure 
5 was obtained on a specimen of the 24S alloy containing 4.27 percent 
of copper, quenched at a rate of 1,330° C/sec. This rate is well above 
curve A, figure 3, and the specimen immersed for 48 hours in the 
oxidizing salt solution was pitted, with no traces of intercrystalline 
corrosion. 

The lower cooling curve in figure 5 was obtained on a similar speci¬ 
men (4.27 percent of copper) quenched at a rate of 600° C/sec, which 
is just above curve B, figure 3. The corroded specimen, as shown by 
the photomicrograph, was pitted, with slight intercrystalline attack 
extending from the bottoms of the pits. 

The curve shown in figure 6, was obtained on a specimen quenched 
at an average rate of 205° C/sec, a rate well below curve <7, figure 3. 
Severe intercrystalline corrosion, as shown, was obtained on the 
specimen in the oxidizing salt solution. 

The cooling curve of a specimen quenched in oil, heated to 98° C, 
was smooth compared with the one obtained by quenching in water 
at the same temperature, as is shown in figure 7. Smooth cooling 
curves were also obtained by cooling specimens in still air and in the 
blast from an electric fan. Lack of inflections in the curves from the 
oil and air quenches was interpreted as indicating that the inflections 
obtained in the curves for the specimens quenched in hot water, figures 
5 and 6, were not caused by phase changes in the alloy, but could be 
attributed to the formation and rupturing of insulating layers of 
steam on the surfaces of the specimens in the water. 

2. DELAYED QUENCHING 

In any heat-treatment process, some time is necessarily consumed 
in transferring the material from the furnace or heating bath to the 
quenching bath. During this interval the specimens of aluminum 
alloy used in this investigation cooled at a rate of approximately 
10° C/sec while exposed to the air. In handling these small speci¬ 
mens in laboratory equipment, the transfer from furnace to quench¬ 
ing bath was made in 1 second or less. In industrial operations in 
which a large quantity of material is handled at one time, the delay 
may be much longer, and before the material enters the quenching 
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bath, its temperature may fall considerably below that at which it 
was heat-treated. . It was considered important to determine the 
eliect upon the resistance to corrosion of the 24S alloy of varying the 
heat-treatment procedure by slowly cooling specimens to various 
temperatures before plunging them into the quenching bath. 

Specimens of the three compositions given in table 1 were heated, 
with thermocouples attached (fig. 1), for 30 minutes at 493° ±5° C 
withdrawn from the furnace and permitted to cool to the tempera¬ 
tures given m table 3. They were then quenched in water, the 
temperature of which had been adjusted to give cooling rates in 
excess of 1,500° C/sec. After aging, the specimens were immersed 

m the sodium-chlonde-hydrogen-peroxide solution to determine the 
kind ot corrosive attack to which they were susceptible. The tem¬ 
peratures at the instant the specimens entered the quenching bath 
and the cooling rates in the bath, were obtained from the cooling 
curves determined with the string-galvanometer apparatus. 


Ta “ b 3-—Character of corrosive attack in oxidizing salt solution on specimens of 
alloy allowed to cool in still air after withdrawal from heating furnace, and 
then quenched at a rapid rate 

[All specimens given recommended solution heat treatment, 30 minutes, at 493° ± 5 ° C.] 


4.05 percent of copper 

4.27 percent of copper 

Quenched 



Type of 

Quenched 



Type of 

when 

Cooling rate 

corro¬ 

when 

Cooling rate 

corro¬ 

cooled to 



sion 

cooled to 



sion 


°C/ 

equiv 



°a 

equiv 


C 

sec 

°F/sec 


°C 

sec 

° F/sec 


430 

7, 800 

14,040 

Pitting. 

419 

8, 200 

14, 760 

Pitting. 

418 

2, 150 

3, 870 

Do. 

406 

Do. 

414 



Do. 

405 

5, 950 

10, 710 

Do. 

404 

4,900 

8, 820 

Do. 

399 

1, 500 

2, 700 

Do. 

400 

4, 700 

8, 460 

Do. 



400 

4,500 

8,100 

Do. 





396 

4.500 

8,100 

Inter- 

398 

9,500 

17,100 

Inter¬ 




crystal¬ 


crystal¬ 

379 



line. 




line. 

8,400 

15, 120 

Do. 

397 

7,600 

13,680 

Do. 

375 

4,100 

7, 380 

Do. 

397 

4, 650 

8,370 

Do. 




395 

2, 100 

3,780 

Do. 





394 

5, 500 

9, 900 

Do. 





353 

5,600 

10,080 

Do. 


4.04 percent of copper 


Quenched 
when 
cooled to 


Cooling rate 


°cy 

sec 
433 4.050 
430 6,200 
425 7,900 
423 5. 100 
414 7, 150 
405 7,100 
405 5, 55C 

402| 3,100 


400 7,400 
395 7,250 
392 3, GOO 


equtv 

°F/sec 

8. 190 
11,100 
14,220 

9, 180 
12, 870 
12, 780, 

9, 990| 

5, 580, 


13, 320 
13, 050 
6,480 


Type of 
corro¬ 
sion 


Pitting. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Inter- 

crystal- 

line. 

Do. 

Do. 

Do. 


It was demonstrated in this manner (table 3) that 400° C is the 
minimum temperature at which the rapid cooling of the 24S alloy 
must begin, if it is to be immune to intercrystalline corrosion. If 
the specimens entered the quenching bath at temperatures lower 
than this, no matter how rapid the cooling rates, they were found 
susceptible to intercrystalline corrosion. Evidently during the time 
required to cool from the solution temperature to 400° C at the slow 
rate obtained in still air, the reaction that causes susceptibility to 
intercrystalline corrosion progresses sufficiently to retain this condi¬ 
tion permanently, no matter how rapidly the alloy is cooled thereafter. 

Figure 8 shows the change in the type of corrosive attack obtained 
in specimens of the 24S alloy containing 4.27 percent of copper, by 
starting the rapid quench after the specimens had cooled in still air 
from the solution temperature to temperatures just above and just 
below 400° C. These results indicated also that the minimum tern- 
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per at ure at which the rapid cooling must be started is more critical 
than the minimum cooling rate for the whole interval between the 
solution temperature and about 120° C. 

IV. SUMMARY 

1. A study was made of the susceptibility of 24S aluminum alloy 
sheet to intercrystalline corrosion when cooled from the solution 
temperature at different rates by quenching in water maintained at 
different temperatures. Sheets of the alloy, with copper contents of 
4.05, 4.27, and 4.64 percent, were made available by the Aluminum 

Company of America for the study. 

2. Temperatures throughout the cooling were determined from 
photographically recorded time-temperature curves obtained with a 
string galvanometer and thermocouples that were attached to the 
specimens. Susceptibility to intercrystalline corrosion was deter¬ 
mined by metallographic examination of the heat-treated specimens 
after they had been immersed in a sodium-chloride-hydrogen-peroxide 
solution. 

3. The rate at which a specimen of 24S alloy must be cooled in 
order to render it resistant to intercrystalline corrosive attack varies 
with the copper content of the material. Specimens of the alloy 
containing 4.64 percent of copper, cooled at rates greater than 1,100° 
C/sec, were subject to pitting corrosion only, with no traces of inter¬ 
crystalline corrosion. Specimens of the same material cooled at 
rates less than 400° C/sec were severely attacked by intercrystalline 
corrosion in the salt solution. Specimens cooled at intermediate 
rates showed both pitting and the intercrystalline type of corrosion. 
Pitting predominated in the specimens cooled at rates approaching 
the higher one, and as the cooling rate approached the slower of 
the two above rates, the intercrystalline attack became more severe. 
Similar results obtained with specimens of 24S alloy having lower 
copper contents show r ed that the lower the copper content, the lower 
the cooling rate required to render the material immune to inter¬ 
crystalline corrosion. 

4. Specimens withdrawn from the heating furnace at the recom¬ 
mended solution temperature of 493° C and permitted to cool in air 
to a temperature not below 400° C could be quenched so as to be 
resistant to intercrystalline corrosion; but if they were permitted to 
cool below this temperature before they were plunged into the 
quenching bath, they were subject to intercrystalline corrosion in 
oxidizing salt solution, regardless of the rapidity of the cooling rate 
in the quenching bath. 


Washington, November 15, 1940. 
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DAYTIME PHOTOELECTRIC MEASUREMENT OF CLOUD 

HEIGHTS 


By Maurice K. Laufer and Laurence W. Foskett 


abstract 

A photoelectric detector is used in conjunction with a modulated beam of light 
for the measurement by triangulation of the height of clouds during the daytime. 
An a-c operated mercury-arc lamp is used to obtain the modulated beam. An 
electronic “synchronous switch” is used to eliminate the effect of the varying 
background brightness of the clouds. The shot noise of the phototube, resulting 
from the relatively high brightness of clouds during the daytime, limits the detec¬ 
tion. Dark overcast clouds at an elevation of 9,000 feet have been detected. 
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I. INTRODUCTION 

A beam of light incident on the base of a cloud is scattered to such 
an extent that at night the spot produced by a searchlight is generally 
visible. This phenomenon of scattering of light by water drops has 
made possible the employment of optical methods for the measure¬ 
ment of cloud heights. Middleton 1 has discussed the use of the 
ceiling projector [l] 2 for night measurements, at which time the 
angular elevation of the spot can be determined by means of a visual 
instrument such as an alidade. The height of the cloud is determined 
from the solution of the vertical triangle formed by the line of sight 

on the spot, the beam of the projector, and the base line connecting 
the projector and alidade. 

Several years ago Middleton initiated the first work on a photo¬ 
electric detector which would extend the use of the ceiling projector 
to the daytime measurement of cloud heights through the utilization 
of a modulated beam. Meanwhile F. V. Jones and A. H. Mears, of 
the United States Weather Bureau, had been considering the same 

* he amount of sienal light which is reflected from the spot, and section 3 of his 
^ ®Q ua Ny well to daytime and nighttime measurements. 13 

* Figures in brackets indicate the literature re 


references at the end of this paper. 
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solution of the problem when Middleton’s work became known to 
them. The Weather Bureau requested the National Bureau of 
Standards to develop the necessary equipment for measuring cloud 
heights in this way. The present paper describes a projector equipped 
with a mercury-arc lamp operating on alternating current to obtain 
a modulated beam, and a phototube and amplifier which have been 
used to detect daytime clouds up to 9,000 feet. 


II. MEASURING EQUIPMENT 


1 . THEORY 


Modulating a projected beam so that, after scattering, the light 
retains its original “identification-tag” was suggested by Tuve [2] as a 
possible means of studying the upper atmosphere. This suggestion 
would seem to make it possible to use a phototube and tuned amplifier 
to sort out completely the identified light from the background light. 
But the shot noise of the phototube, resulting from the background 
light, and the other noises associated with the phototube and the 
amplifier limit the minimum modulated light signal that can be 
detected [3, 4]. When the background is a daytime cloud, the 
resulting phototube current may be greater than 10 6 times the signal 
current which can be obtained from a projector of reasonable size and 
of moderate power consumption. 

Because of the relatively high brightness of daytime clouds, it is 
possible, if the phototube has very little or no granular noise [3, 5], to 
design the phototube and amplifier circuit so that all other associated 
noises are negligible compared with the shot noise of the phototube. 
This may be done without reducing the ratio of signal to shot noise, 
and hence the ratio of signal to total noise is increased. The reason 
is as follows: For any infinitesimal frequency interval, the theoretical 
ratio of the mean-square shot noise of the phototube to the mean- 
square thermal noise of the circuit coupling the phototube to the first 
stage of the amplifier is given by [4] 


eI 0 Z> 

2 KTR' 



where e = charge on the electron, I 0 = phototube current, i£=Boltz- 
mann’s constant, T= absolute temperature, Z= impedance of the 
coupling circuit for the frequency of the interval, and R=real part of 
the impedance. (Neglecting tube capacities, Z=R for direct cou¬ 
pling.) Thus, if Z 2 /R is made sufficiently large, the shot noise be¬ 
comes predominant for a given phototube current; and if R is large 
enough, the thermal noise will exceed the tube noises of the first stage. 
If, for a narrow band amplifier, Z is considered to be independent of 
frequency, the signal and the shot noise are proportional to Z. Hence 
it follows that no sacrifice is made in the ratio of signal to shot noise 
by increasing Z until the shot noise predominates above the other 
noises. 

The problem of detection is further complicated by the large 
variations in the background brightness which arise from the motion 
of the clouds across the beam of the projector, changes in the formation 
of the clouds, and fluctuations in the amount of daylight incident on 
the clouds. In order that the total light received will have a detect¬ 
able modulated component resulting from the projector, the frequency 
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of modulation of the beam must not bo too low; otherwise the random 
variations in the background light will obliterate the signal. 

In continuation of Middleton's initial work, the Canadian Westing- 
house Co. used mechanical modulation at a frequency of 400 cycles 
per second. The precision with which the parts had to be made, and 
the difficulties encountered with bearing failures because of the high 
speeds required, indicated that the recently developed high-intensity 
mercury-arc lamps might prove to be a better means of obtaining a 
modulated beam. When these lamps are operated on 60-cycle cur¬ 
rent, the modulation is approximately 95 percent [6] and has a fre¬ 
quency of 120 cycles per second. Although this frequency is less than 
that used by the Westinghouse Co., it is sufficiently high to overcome 
the effect of the relatively slow variations of the background light. 
Recent tests show, however, that this is about the minimum frequency 
that can be used. 

2. PROJECTOR 

The projector consists of a 1,000-watt, water-cooled, A-H6 lamp [G , 
located at the focus of a 24-inch parabolic mirror having a focal lengt i 
of 10 inches. The dimensions of the mercury arc are approximately 
3/50 by 1 inch. The optical axis of the mirror is vertical, and the 
lamp is mounted horizontally so that the longest dimension of the 
spot on the base of the cloud is perpendicular to the geometrical plane 
determined by the beam and the detector. Since the detector must 
scan the base of the cloud to locate the spot, this arrangement de¬ 
creases slightly the accuracy with which the optical axis of the de¬ 
tector must coincide with the exact center of the beam during the 
scanning process. Likewise it is the narrow dimension of the spot 
that will be traversed, and a more precise determination of the angular 
elevation results. 

3. PHOTOTUBE AND OPTICAL SYSTEM OF THE DETECTOR 

Since the signal is proportional to the signal light received, and the 
shot noise is proportional to the square root of the background light 
received, the field of view of the detector should include the entire 
spot, but no more, in order to obtain the maximum signal to noise 
ratio. • Practically, the entire spot is difficult to define. The bright¬ 
ness of the mercury arc [6] is greatest at the center and falls off rapidly 
at the edges. Imperfections in the mirror of the projector, aberra¬ 
tions, and irregularities in the base of the cloud also tend “to smear" 
the spot. Probably the most important consideration is the change 
in the projected area of the spot on a plane perpendicular to the 
optical axis of the detector as the angular elevation of the spot varies 
with cloud height. 

A diaphragm located at the focus of a lens provides a simple optical 
system having light-gathering properties and a restricted field of 
view. For this arrangement the phototube is placed behind the 
diaphragm. The light rays after passing through the diaphragm 
are divergent, and if all these rays are to be intercepted by the cathode 
of the phototube, the focal length of the lens that can be used is 
determined by the cathode dimensions, the distance between the 
diaphragm and the cathode, and the aperture of the lens. To a first 
approximation, the diaphragm opening required to limit the field of 
view to the spot is equal to the size of the source multiplied by the 
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ratio of the focal length of the lens of the detector to the focal length 
of the mirror in the projector. 

In choosing a phototube, one is limited to the vacuum type because 
of the greater shot noise associated with the gas-filled types [7] for the 
same phototube current. Barrier-layer photocells cannot be used, 
because their voltage sensitivity is reduced to practically zero for high 
flux density. If the phototube is sensitive only to the wavelength 
interval of the signal light, the effective background light is reduced 
and hence the signal to noise ratio is increased. The spectral response 
of the RCA 929 phototube [8] matches the spectral distribution of the 
light from the A-H6 mercury-arc lamp exceedingly well. Its sensi¬ 
tivity is greater than that of the average gas-filled phototube, and 
tests have failed to indicate the presence of any granular noise. The 
dimensions of the cathode are approximately % by inch. 

The final optical arrangement used consisted of an 8-inch plano¬ 
convex glass condensing lens, a diaphragm having a slit opening 
approximately by 1 }f 6 inch, with the longest dimension horizontal 
and the 929 phototube amounted horizontally as close behind the 
diaphragm as possible. The specified focal length of the lens is 19 
inches but, because of the severe chromatic aberration, the diaphragm 
was located about 17 inches from the convex surface, which corre¬ 
sponds approximately to the focal length for blue light. The long 
dimension of the diaphragm is equal to the maximum dimension of 
the cathode surface, and the other dimension was chosen in accordance 
with the previous discussion. The optical system is mounted so that 
it may be rotated about a horizontal axis in order to scan the base of 
the cloud for locating the spot. Phototube currents as high as 25 
microamperes have been obtained when the detector is directed at 
clouds illuminated by direct sunlight, and currents as low as 2 micro¬ 
amperes result from dark overcast daytime clouds. The detector 
was located about 1,000 feet from the projector. 

4. AMPLIFIER 

The phototube and 120-cycle, resistance-capacitance tuned amplifier 
circuit [9, 10] are shown in figure 1. A 5-foot, flexible, shielded cable 
having a capacitance of 26 /z/xf per foot connects the phototube to the 
amplifier. This cable, the blocking capacitor, C 1} the phototube-load 
resistor, Z?i, and the grid-leak resistor, R 2f make up the coupling 
circuit between the phototube and the first stage. The blocking 
capacitor is required to prevent the variations in the background light 
from changing the bias on the first stage. The maximum impedance 
of the coupling circuit that can be used practically, and consequently 
the maximum initial signal that can be obtained, is limited by the 
dynamic grid impedance of the tube of the first stage. The 38-type 
tube has a high dynamic grid impedance, since the grid current for 
the voltages used is less than 10 -11 ampere [3]. The choice of this 
tube permits the use of a 10 8 -ohm grid leak, R 2 . Under these oper¬ 
ating conditions the grid current shot noise is negligible. The values 
of the component parts of the coupling circuit fulfill the conditions re¬ 
quired by eq 1 for shot noise predominance and also sharpen the tuning 
of the amplifier. It was found necessary to use for C x a capacitor 
having a leakage resistance greater than 10 12 ohms to keep the grid 
bias constant. At 79 and 180 cycles the amplification of the amplifier 
is 0.707 times the maximum amplification at 120 cycles. 
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The diode part of the 6B7 tube is used in conjunction with a d-c 
meter for checking the operation of the amplifier, for making noise 
measurements, and for studying the effects of the varying background 
light. As used, the amplifier and phototube are operated with 
batteries, bmce the fundamental ripple frequency of a full-wave 
rectifier is 120 cycles, a-c operation may prove to be troublesome. 
In this connection, the total plate and screen current for the five 
stages is less than 1 milliampere. It is believed that this small 
current will make possible the design of an a-c power supply for the 
plate and screen voltages by using a resistance-capacitance filter to 
reduce the 120-cycle ripple considerably below the signal. A power 
supply of this type has been used satisfactorily for the phototube. 


5. OUTPUT CIRCUIT AND METER 

Accoiding to Johnson [10, 3], for an amplifier having a uniform 
amplification between the frequencies/! and f 2 and zero elsewhere, the 

smallest steady signal, E $1 that can be detected in the presence of a 
statistical noise voltage, E n , is given by 


Es=(5\/(/ 2 -J l ))^E„, (2) 

where \ is the decay constant of the output meter. Also, for direct 
coupling of the phototube to the amplifier, the input noise level of the 
coupling circuit and the amplifier is given by 


nTuS { m 'HP, ( i an ;l [ ? ^C(/ 2 -/,)/(!+4 TT 2 R 2 C%j 2 ) ] 

(1 + 19.4//?) +R t (/ 2 —/i)} (3) 

where E= Boltzmann’s constant, T= absolute temperature, C= 
sum of static and dynamic input-capacities, i?=the phototube load 
resistance, /=sum of the phototube current and the grid current 
from the input tube, and R t =equivalent noise resistance of the input 
tube. Replacing the arc-tangent by its argument (which increases 
the value for the noise slightly), 

~B% ==z 4KT(f2—fi)[Rt-i-R(l-{-19Al ff R)/(l +4:7r 2 R 2 C 2 fif 2 )]. (4) 

Bor j?=10 7 ohms, C r =1.3X10~ 10 farad, and I ff ^ 2X10 -6 ampere, 
19.4 I 0 R»1 and 19.4 I 0 R 2 Kl+^R 2 Cf l f 2 )»R ti where R t is 

about 5X10 4 ohms [3]. Hence eq 4 may be written as 

• 

~El=77 .§KT(f 2 —fi)I 0 R 2 l (1 +4tt 2 R 2 CfJ 2 ) (5) 

The signal-voltage squared, 1 Ef, resulting from the root-mean-square 
signal-current, I s , in the phototube, is given by 

Ei=I 2 R 2 /(1 +4t rjy&C 2 ), (6) 

where/ 0 is the modulation frequency of the signal light. 

If the percentage band width of the amplifier is comparatively 
small, that is, if 

(/ 2 -/i)/(/./ 2 ) ,/2 ?1 (7) 

then 

fl=flf2 ( 8 ) 
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and the ratio of signal to noise from eq 5 and 6 is given by 


(77.6 KTI,)]'" (9) 

Equating EJE n from eq 2 and 9, the minimum root-mean-square 
signal-current that can be detected is given by 

I, =(388 \KTI e Y' 2 . (10) 

m lo 

This equation, based on Johnson’s original eq 2, 7, and 8 is contrary 
to the accepted idea, namely, that the minimum detectable signal 
current is proportional to the square root of the band width [4, 7, 11, 
12]. As pointed out by Johnson, eq 10 shows that I 3min does not 

depend on the band width, if the band width is sufficiently narrow to 
satisfy eq 7, but depends on the decay constant of the output meter; 
that is, the minimum detectable signal is inversely proportional to the 
square root of the period of the output meter. 

If it is assumed that the band width of the amplifier of figure 1 is 
101 cycles (that is,,/ 1 =79 c/s and/ 2 =180 c/s, the frequencies at which 
the amplification is 0.707 times the amplification at 120 c/s),eq 7 is 
satisfied. Furthermore, the approximations that must be made to 
obtain eq 5 when using the complex impedance for the coupling 
circuit introduce an error which is the same order of magnitude as 
that used above. The case for direct coupling is given for simplicity. 

The above discussion is valid for noises which are constant except 
for statistical fluctuations. But during the time the base of the cloud 
is being scanned to find the spot, the output current will be varying 
in general by an amount greater than that which will result when the 
spot is located even if a long-period meter is used to damp out almost 
completely the statistical fluctuations. This results from the varia¬ 
tions in the background brightness of the clouds as stated before, and 
even more so from the change in brightness from cloud to cloud as the 
scanning is made. If, however, a 120-cycle synchronous commutator, 
which is phased with the signal, is introduced beween the amplifier 
and the meter, the average output current in the absence of the signal 
will be zero because of the random phase of the shot noise. Thus the 
variations in brightness will not give a false indication of the signal, 
since the same average zero reading will be obtained for the shot 
noise whether the average phototube current is 25 microamperes or 2 
microamperes. A second advantage results because effectively an 
increased scale length can be used. Normally the shot noise would 
produce an average reading 10 to 100 or even 1,000 times that resulting 
from the signal, but by reducing the average noise-output current to 
zero the entire scale of the meter can be used for indicating the signal. 

There is a practical limit for the maximum period of the meter that 
can be used. If the scanning is made at a reasonable rate and if the 
period of the meter is too long, the spot will be passed without obtain¬ 
ing a noticeable indication. A period greater than 1 minute has been 
found to be unsatisfactory. 

An “ electronic switching-circuit,” which performs the same function 
as a synchronous commutator, is shown in figure 2. The rectified, but 
nonfiltered, output of the transformer, T lf is the plate supply for the 
6J7 tube. If the resistance, R 4} is correctly adjusted, the plate 
current consists of square-topped pulses which are maintained for 
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approximately 1/240 second. The time-average of the IR drop 
across the plate resistor, i? 3 , can be obtained from the potential across 
the capacitor, C 2i and this potential is reasonably steady because of 
the long period of the series circuit consisting of R 2 and C 2 . Further¬ 
more, the magnitude of this potential is almost completely independent 
of the amplified shot noise from the amplifier because of the random 
phase as in the case of a synchronous commutator. But when a 
sustained and phased 120-cycle signal is added, the potential across 
C 2 increases or decreases depending on whether the positive or negative 



Figure 2. — Wiring diagram of output circuit and meter having the following circuit 

constants: 
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E= 1.25 volts (Mallory grid bias cell). 
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portion of the signal is present during the time the plate current 
flowing. A previous switching circuit contained a phase-sniiun 0 
element in front of the primary of the transformer, Ty but it so nap- 
pens that it is not needed, because the positive portion of the sign 
is correctly phased to within a few degrees when the transformei 
the mercury-arc lamp in the projector is connected to the same alte - 
nating-current supply. The remainder of the circuit shown m 
is essentially a vacuum-tube voltmeter, which is used to indicate 

change in the potential across C 2 . . 1 . 

In practice, the potentiometer, R 5 , is adjusted to give a P la 
current of about 7 milliamperes. In general, this current will do 
fluctuating by about 0.5 milliampere. If, during the scanning 

finH t.ViA snot, flip. pinTpnt, drnns to less than 6 milhampeies, 
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one can be sure that the spot has been located. When the signal is 
so weak that the decreased reading fluctuates about this point (6 
milliamperes), the detection can be verified by repeating the traverse 
to make sure that a spurious indication had not been obtained. 

III. RESULTS 

During the daytime, dark overcast clouds at an elevation of 9,000 
feet have been readily detected with the equipment described. For 
cumulus clouds illuminated by direct sunlight and having elevations 
up to 4,000 feet, the detection is positive. 

In the laboratory, measurements have been made to determine the 
minimum signal which can be detected with certainty in the presence 
of shot noise. Battery-operated incandescent lamps were used to 
simulate the background light and were arranged to give a phototube 
current of 5 microamperes. A sector disk driven by a synchronous 
motor was placed between a small flashlight lamp and the phototube 
to obtain a 120-cycle chopped signal. The flashlight lamp was 
located finally about 80 feet from the phototube. The resulting signal 
light was about 5 X 10“ 7 times the background light and according to 
eq 10 the signal current was less than 2 times the theoretical minimum. 

IV. DISCUSSION 

There are several possibilities for increasing the sensitivity of the 
equipment. Among the most obvious are the use of a larger mirror 
in the projector to give a more intense beam of light and the use of a 
larger lens in the detector. The latter possibility would increase the 
flux density on the cathode of the phototube to such an extent that 
it might be excessive and destroy the photosensitive surface. If the 
signal could be restricted to a single wavelength, it is conceivable that 
the background light could be reduced to a negligible factor by using 
filters which transmit the signal light and only a very small part of the 
background spectrum. The high-intensitv mercury-arc lamp is the 
only practical source of high brightness having a considerable per¬ 
centage of its energy emitted in narrow wavelength intervals. But 
to take advantage of this, one requires filters which have narrower 
transmission bands than are now available. Many filter combina¬ 
tions have been tried, but a net loss was obtained rather than a gain 
in the signal to noise ratio, because the signal is proportional to the 
transmission of the filter whereas the shot noise resulting from the 
background light is proportional to the square root of the trans¬ 
mission. 2 


The authors thank E. A. Johnson, of the Department of Terrestrial 
Magnetism, Carnegie Institution of Washington, for several helpful 
discussions and for granting them the permission to read reference [3] 
in manuscript form. 


• 

* Let I, and /„ be the phototube currents resulting from the signal light and the background light, resneo 
tively. Then the ratio of signal to noise , E./E nt may be written as kLU^n. If a filter is introduced, the 
ratio of signal to noise becomes A:/«7y(/ c T ff ) 1 / , t where 7\]and T 0 are the respective transmission factors 
based on the spectral response of the phototube for the signal light and for the background light Hence 
T,l 7y/> must be greater than unity in order to increase the signal to noise ratio. 
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A MANOMETRIC GAS ANALYSIS APPARATUS 


By Martin Shepherd and E. 0. Sperling 


abstract 

The apparatus here described is designed for the analysis of gas mixtures under 
the following conditions: 

(1) When the volume of the sample is small—about 5 to 0.5 ml—and a reasonably 
accurate analysis is desired. 

(2) When the volume of the sample is of the order of magnitude of 0.2 to 0.1 
ml, and an approximate microanalysis is desired. 

(3) When the gases to be analyzed are dissolved in some liquid from which 
they must be liberated prior to analysis, as in the analysis of blood gases. 

The apparatus is adapted for use with the admirable procedures of Van Slyke. 
The present design eliminates the two principal errors inherent in the Van Slyke 
apparatus, as well as the mechanical shaking, which some have found to be an 
objectionable feature. By extending the apparatus here described, analysis by 
combustion may be performed, and greater operating conveniences achieved if 
desired. 


CONTENTS 

I. Introduction_ 34 ^ 

II. Description of apparatus and procedures_” ~ ~ ” " 342 

III. Precautions in operating the apparatus_~ 345 

I. INTRODUCTION 

In the field of gas analysis which lies between the strictly micro¬ 
methods and the usual macromethods, and which includes the analysis 
of gases dissolved in liquids such as blood, the work of Van Slyke is 
outstanding. The Van Slyke methods have been described so com¬ 
prehensively that the text 1 can be recommended as a standard ref¬ 
erence on this particular type of gas analysis. 

In 1934, several errors inherent in the Van Slyke apparatus were 
discussed and experimentally demonstrated. 2 At that time, a modi- 

fohows 1 * ° f the Van Slyke apparatus and Procedure was suggested as 

apparatus may be modified by placing two parallel 

ron^inn^l 111 ^ W ?u er lr Cket ’ on ® to func tion as an extraction and 
reaction chamber, the other as a fixed volume burette. 

_,l! 1 "i Pr0Ce( l Ure wo H 1 , d possess several additional advantages. It 
. ld alw ays be possible to avoid redissolving some portion of an 

WUkins Co.fmmmorcfMd!, d m'2K aD S ' yke ’ Quantitativ0 Clinical Chemistry, Vol. 2 (The Williams and 
JaSn S S J. C S considerations of the Von Sl V ke manometric methods of ms 


341 







[Voi.se 


342 Journal of Research of the National Bureau of Standards 

extracted gas sample, for which the correction is troublesome and not 
always satisfactory. This could be achieved by transferring the 
liberated gas from the extraction chamber to the burette under the 
pressure at which extraction occurred. Each reagent could be freed 
from gas hi the apparatus before bringing the gas mixture into the 
reaction chamber. Physical solution of components of the gas 
mixture in the reagent employed could be reduced for macroanalyses 
and almost avoided for microanalyses. The various fractions of the 
gas mixture would always be accurately measured under the same 
condition of humidity. The measurement of gas volumes (or pres¬ 
sures) would always be made by adjusting a clean mercury meniscus 
to a reference mark, thus avoiding obscure solution menisci. Solu¬ 
tions from which gas samples were extracted, as well as reagents sub¬ 
sequently employed, could be expelled from the extraction chamber 
at each step of the analysis. This technique would permit straight- 

no interference, either chemical or 
physical, from accumulating mixtures of various liquids that have 
already served their purpose in the analysis. Reagents of any 
desired strength could be employed. There would be no hydrostatic 
pressure to correct for, and the c correction f as well as all others 
applied by Van Slyke, would merely resolve into a simple correction 
for the change of pressure of the gas and saturated water vapor with 
any change of temperature which might occur during the analysis.” 

Shortly thereafter an apparatus which realized all of the advantages 
mentioned above was constructed. The use of this apparatus in our 
laboratory has been limited during the past 6 years, and other projects 
have prevented its further development along lines suggested in what 
follows. Its possibilities, accordingly, have not been thoroughly 
explored, but enough experimental work has been done to indicate its 
value and warrant describing it in its present form. 

II. DESCRIPTION OF APPARATUS AND PROCEDURES 

The construction of the apparatus is illustrated in the drawing 
(fig. 1) and photograph (fig. 2). The essential feature is the inclusion 
of an extraction and reaction chamber, R , which is separate from the 
constant-volume burette, B. The Van Slyke apparatus has only a 
vessel corresponding to B. 

For those not familiar with this type of apparatus, a very brief 
outline of the general procedure to be used with the Van Slyke and the 
new apparatus will serve to clear the picture and to point out the 
reasons for the new deisgn. 

With the Van Slyke unit, the procedure is as follows: Blood to be 
outgassed (or a sample of free gas) is introduced over mercury into 
the single vessel corresponding to B. The mercury is then dropped 
to a level corresponding to the 50 ml mark of figure 1, and the evolved 
gas is collected in the partial Torricellian vacuum above. The gas is 
then measured by raising the mercury back to a level corresponding 
to the 2 ml or 0.5 ml mark and noting the pressure on the attached 
manometer. Some gas will redissolve in any liquid present during 
this procedure. Next, the reagents are admitted, one at a tune, to 
absorb various constituents of the freed gas. With the addition of 
each reagent, a correction for hydrostatic head must be made. 
Furthermore, a correction for the lowering of vapor pressure is neces- 
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sary each time; and, as this is prescribed by Van Slyke, a change in 
temperature may introduce further error in this correction. In 
addition, the accumulating reagents (which must be selected with 
reference to their chemical behavior with each other as well as with 
the gases) cause increasingly greater errors of physical solubility, 
which must be accounted for. Sometimes these reagents 
make difficult the adjustment of the confining meniscus. 

This procedure should be compared with the general one 
used with the new apparatus. Here, if a sample of blood 
or liquid containing dissolved gases is to be examined, it 
is introduced into R and there outgassed. The gas only 
is then transferred, at the 
lowest pressure existing dur¬ 
ing outgassing, to the clean 
burette, By and there, isola¬ 
ted from the liquid, it is 
measured while saturated 
with respect to water vapor 
only. The blood or other 
substance is then expelled 
from Ry the first analytical 
reagent is introduced and 
outgassed directly in Ry the 
gas liberated from this re¬ 
agent is discarded, and then the 
gas in B is transferred to R for the 
reaction. After the absorption, 
the residual gas is transferred back 
to B at the lowest pressure exist¬ 
ing during absorption, and again measured 
while saturated with respect to water vapor 
only. The two volumes so measured com¬ 
pare directly with respect to saturation. 

No gas has been absorbed by the original 
liquid, or by the reagent. Furthermore, 
no gas has been given off from the reagent 
during the actual absorption. 

Referring again to figure 1, it will be noted 
that stopcock 4 permits connecting R to B f 
and either R or B to stopcock 3. Stopcock 
3, in turn, provides connection to a meas¬ 
uring tube L (a feature of the Van Slyke Figure 1 .—Assembhy drawing 
design which has been retained) or to stop- °f manometric gas analysis 
cock 2. Finally, stopcock 2 offers connection apparatus. 

to a trap used to collect and discard liquids from Ry and to a small 
bell, Gy which may be used to collect small samples of gas for analysis 
when this bell is immersed in mercury. 

With this arrangement, liquids to be outgassed are measured in L 
and transferred therefrom to Ry the various reagents are introduced by 
the same route, exactly as prescribed by Van Slyke, a procedure which 
is objectionable because of the difficulty of maintaining the lubricant 
of stockcock 4 in good condition under this treatment. For this 
reason, a later modification, not shown in figure 1, has been added. 
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This is a capillary delivery tube leading from a reservoir (located next 
to i ) directly into the middle bulb of R by means of a ring seal. The 
reservoir is provided with a vacuum connection at the top, and the 
reagent, in considerable quantity, can be outgassed in this reservoir. 
1 Ins eliminates one step in the analysis, and provides a reserve supply 
ol gas-free reagent. As many of these reservoirs as there are required 
reagents, connected by a suitable manifold for delivery of liquids 
irom the bottom and another for evacuation from the top, would 
prove a great convenience. This arrangement also prevents fouling 
ol the lubricant of stopcock 4, which must never leak. 

In the introduction of blood or other liquids for outgassing, sam¬ 
pling in a good hypodermic syringe is suggested. The male member 
ot an interchangeable ground-glass joint should be attached to the 
outlet ot a syringe modified for this purpose. The corresponding 
female member is sealed into the bottom of the tube, L. 

In the V an Slyke model, gas is driven from solution and the reactions 
are performed with the aid of mechanical shaking. We have had no 
expei lence with the actual device used, but we understand from 
others that it is objectionable, and sometimes causes breakage. In 
the present model, the liquid to be outgassed, or the reagent to be 
bi ought into intimate contact with the gases, is transferred over 
mercury to the smaller middle bulb of R y and then forced back through 
the 1-mm nozzle at the top of this bulb at rates great enough to cause 
it to squirt with considerable force against the spherical baffle directly 
above the nozzle. At the low pressures existing within R , this pro¬ 
cedure very effectively (indeed almost spectacularly) breaks up the 
& n d brings it into intimate contact with all of the space in R. 

The mechanics of this system may be readily understood when it is 
pointed out that the bulbs S-S at the bottom of both R and B are 
filled with mercury, and the two connections from the tops of these 
bulbs, V—V, each terminate in a tee, to both amis of which are affixed 
needle valves with vacuum-tight packings (Stimson type). One of 
each pair of these valves connects to a vacuum line, the other to the 
air. Opening the valve to vacuum lowers the mercury in S—S; 
opening to air forces the mercury into R and B, since the pressures 
within R and B are low. By means of the needle valves for control, 
mercury can be raised or lowered as slowly or rapidly as desired. 
Thus, the meniscus in B can be very nicely adjusted to the reference 
marks, or the liquid in R forced rapidly through the nozzle. Once 
learned, this operation is very conveniently performed. We have, 
however, watched this manipulation fail repeatedly because of the 
apparent inability of an operator to acquire the necessary skill. 
Therefore, the following modification is suggested for those who may 
prefer it. The lower ends of S-S may be terminated in tubes to 
which control stopcocks 4 are sealed. To these cocks, ordinary 
leveling bulbs may be connected by means of rubber nitrometer 
tubing. Ring supports for these bulbs, at the levels of stopcocks 3 
and 6, will permit adjustment of the mercury levels so that the neces¬ 
sary operations can be performed. The leveling bulbs need not be 
held in the hand, but instead, the flow of mercury can be regulated by 
the control cocks with the bulbs in one of the two fixed positions. 
Traps should be interposed between the leveling bulbs and the two 
vessels R and B , so that no air can be carried into the apparatus. 


4 Martin Shepherd, A simple control stopcock for gas analysis apparatus, BS J. Research 4,23 (1930) RP130 
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The burette, B , is calibrated as shown (fig. 1). For approximate 
microanalysis, lesser volumes should be included in this calibration. 
Blackened copper collars are affixed to the stems at the etched lines, 
since the adjustment of a mercury meniscus to the lower edge of such 
a collar, in the mamier in which a barometer is read, can be made with 
greater reproducibility than adjustment to an etched mark. 6 

The manometer, M, registers the pressures obtained within B . 
This may be provided with a sliding scale with stops at the three 
positions corresponding to the levels of the three reference marks on 
B; or the scale may be engraved on the tube of M, and the three read¬ 
ings of this fixed scale, which correspond to the reference marks on B , 
can be determined with a suitable telescope. The stopcock affixed to 
the top of the Van Slyke manometer has been eliminated in favor of 
the considerably more certain arrangement shown (fig. 2). This is a 
standard form in which the vacuum is obtained by forcing mercury 
around the capillary at the top of M and down into the reservoir, P. 
Vacuum applied at stopcock 5, and pressure through stopcocks 2 and 
4 to B, will fill the manometer. Opening cock 5 to the air will com¬ 
plete the operation. The lower entrance to M is guarded by trap 6, 

from which accumulated gas may be removed via the stopcock there 
placed. 

The whole unit, up to the level of stopcock 4, is immersed in a 
water jacket. A good grade of museum jar is well suited for this 
purpose. The method of mounting is shown in the photograph. 
The jar rests upon the metal shelf shown below the trap at stockcock 6. 
The needle valves for control of mercury’ flow are conveniently placed 
to the right and left on the supporting frame. 

After the discussion which has preceded, no detailed schedule of 
operation is necessary. For the actual technique and procedures 
mvolved, the remarkably complete account of Van Slyke should be 
consulted, and modified only as indicated in the following section. 

HI. PRECAUTIONS IN OPERATING THE APPARATUS 

Three characteristics of the new apparatus should be mentioned in 
order to avoid trouble during the initial stages of manipulation 
it must be remembered that, while the pressures in R and B during 
an analysis are low, they are nevertheless above atmospheric. It is 

P° ssi ble, by injudicious and too abrupt manipulation of the 

fufee and a ** lienee will 

Sometimes the spherical baffle in R does not prevent the form at inn 
?{ f “f °/ ^id m the capillary connecting this bulb to ston^ck 4 

^n?.is d P r t b d m c d s. by 

L through 3 and 4 to R. ’ owly admitting mercury from 

onrwdion to a vom^me^oTscflZ^BS Vt, 375' am) rmaourement of gas volumes without go, 
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and prevents drainage of some of the liquid (not mercury) into the 
small middle reservoir. The only remedy for this difficulty is to 
lorce the mercury back through the nozzle and repeat the operation 
oi lowering the liquid, using a more gentle approach. This difficulty 
has been experienced occasionally with a 1-mm nozzle, but not with 
a 2-mm nozzle The larger nozzle does not produce the fine spray 
and complete breaking up of the liquid that was obtained with the 
smaller one The optimum size has not been determined, but the 
smaller of the two sizes tried seems preferable. 

In addition to the above precautions, the prospective user should 
have in mind the general volumetric limitations of an apparatus of 
this type In this particular model, when gas is transferred from R 
to B y it should be remembered that liquid from R must not enter B. 
Ihis means that the reagent in R must be raised only to a point level 
with the entrance of the V-bore of cock 4. The bore of this cock 
then contains some of the gas that should be measured in the fixed 
volume burette, B. A slight error is thereby introduced. This 
may be calculated for the worst cases: 

vo ^ ume the bore is 0.05 ml. (It could be made smaller.) 

v2) I he pressure of a gas in B adjusted to any reference mark 
rarely exceeds 600 mm. 

(3) The percentage errors will be highest when small volumes are 
measured. Therefore, assume 0.5 ml of gas at 600-mm pressure. 
W hen this gas is transferred between R and B , the pressure existing 
in the V-bore of cock 4, which is the pressure of the gas trapped therein, 
is 6 mm. Its volume at 600 mm would therefore be 0.0005 ml. This 
is 0.1 percent of the total gas volume. 

(4) Since, with each measurement of a volume, the amount of gas 
trapped is decreased in proportion to the amount absorbed, the 

A j 1 . in comparing any two constituents is <0.1 percent 

of the mixture, and the overall error from this source, if all constit¬ 
uents were removed, would be 0.1 percent. 

This feature of design is therefore not objectionable. Much more 
serious is the fact that the amount of water above and below the 
mercury in B may vary. In practice a film of water should be kept 
upon the walls of B } but water must not obscure the mercury meniscus. 

If water collects above the mercury, the “fixed’’ volume will have 
changed; and the amount of this change may be expected to shift 
slightly but significantly during the analysis. This difficulty is some¬ 
what more aggravated in the Van Slyke model, but is sufficiently 
troublesome in the present one to prevent the use of the apparatus 
for accurate work with very small volumes. The same thing is true 
for most micro gas analysis apparatus. If high accurac 3 r is required, 
one must use considerably more complicated apparatus, and pro¬ 
cedures, involving the transfer of gases by condensation or freezing 
to negligible vapor pressures, or by mercury displacement pumps, 
and the measurement of gas in the dry state. 

Washington, November 14, 1940. 
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AN APPARATUS FOR THE ABSORPTION OR GRAVIMETRIC 
DETERMINATION OF CONSTITUENTS OF A GAS MIX¬ 
TURE 

By Martin Shepherd and Harry W. Bailey 


abstract 

The apparatus here described eliminates many of the undesirable features of 
certain types of “absorption trains” which are intended to remove constituents 
from gas mixtures or to determine them gravimetrically. It is adaptable to 
many uses, since auxiliary units, such as combustion apparatus, may be connected 
by means of interchangeable joints. 


One of the commonest procedures associated with gas chemistry 
is the removal of one or more constituents of a gas mixture by reaction 
with solid or liquid reagents, for purification or for the gravimetric 
determination of absorbed constituents. The various types of appar¬ 
atus used to conduct such reactions have been referred to as absorp¬ 
tion or purification trains, or combustion trains (as employed in the 
analysis of steels, rocks, organic compounds, etc.). These so-called 
“trains” are usually constructed to meet the requirements of a par¬ 
ticular experiment, and more often than not have a makeshift appear¬ 
ance. Even when they are assembled for more permanent use, little 
attention is given to convenience, and awkwardness has gradually 
become a characteristic of such apparatus. 

When gases or vapors are to be absorbed and the amount of ab¬ 
sorbed material is to be determined by increase in weight, the appar¬ 
atus should have the following desirable features: 

(1) The absorbers should be connected by means of well-ground 
joints, and not by rubber connections that will admit significant 

am °V n ‘!° f watcr ° r Permit the loss of such gases as carbon dioxide. 

V' Ahe connections should be made in such a way that the ab¬ 
sorbers can be removed and replaced without disassembling the whole 


(3) The connections should be arranged so that other units such as 
apparatus' 1 bCS ’ C&n b ° mserted to increase the usefulness of the 

(4) The absorbers themselves should be as light as possible so that 

as53S*j^2E in p,oportion “-w- 
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(7) The absorbers should be designed so that they may be readily 
emptied and cleaned, and easily charged with reagent without fouling 
the grinding. 

(8) The absorbers should bring the gas into intimate contact with 
the reagents, and, if possible, be suitable for both solid and liquid 
reagents. 

(9) The absorbers must be provided with a suitable means of open¬ 
ing and closing. 

(10) The unit should be mobile, so that it can be taken—in one 
piece—from job to job. 

The apparatus shown in figure 1 possesses all of these desirable 
features. A detailed drawing of the absorber is given in figure 2. 

The absorber is blown from light-wall tubing. While the size 
may be varied for special purposes, that shown is suitable for general 
analytical work, and weighs approximately 14 g. There are two 
parts: a ground cap, 1, bearing the side arms 4-4; and the tube, 7, 



Figure 2. —Detail of absorber for gravimetric apparatus. 

See text for explanation. 

whose top is ground at 2 to correspond to the grinding of the cap. 
These grindings are standard interchangeable ones. The grindings 
at the end of the inlet and outlet arms, 5A and 5B } are also inter¬ 
changeable. The bores at 3-3 are 4 mm in diameter. The inlet 
tube, 6, brings the gas to the bottom of the absorber and permits 
use with solid or liquid reagents. The bottom of the absorber, 8, is 
flattended so that it rests securely “on its own feet” on the balance 
pan or elsewhere. The cap and tube are dimpled at 9-9 to permit 
supporting in the manner to be described. 

In charging the absorber, the reagent does not come into contact 
with the top grinding as is the case with the tubes generally used. 
The grindings 5A and 5B are male, and lubricant is accordingly easily 
dissolved from them before weighings are made. The lower portions 
of these grindings are cut in and left unground, so that lubricant does 
not tend to work into the tube—an old suggestion of E. W. Morley. 
The grindings, 5A and 5B } are pointed vertically downward , so that 
they can be lifted directly out of corresponding female members. The 
female members are connected by a U-tube, which is permanently 
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fixed in position . Thus, an absorber is removed from the train by 
merely lifting it out, and is replaced as easily. The generally em¬ 
ployed method of disconnecting the absorbers by pulling apart hori¬ 
zontally—which means taking the whole apparatus apart—is ex¬ 
cessively awkward. The absorbers are opened or closed by rotating 
the lower member, 7, and not the cap or separate plugs as is the general 
practice. 

Referring to the photograph (fig. 1), it will be seen that the U-tubes 
which terminate in the female grindings that provide the fixed con¬ 
nections to the absorbers, are mounted (in a cement) within the four 
brass cups and the two end clamps of the supporting frame. This 
mounting is done once for all by joining the whole train together with 
a low-melting thermoplastic, placing the whole in position on the 
frame, and pouring the cement to hold the U-connections perma¬ 
nently into the brass cups. Then the thermoplastic is dissolved from 
the grindings, and thereafter is replaced by lubricant. 

It is necessary to hold the grindings of cap and tube (1 and 2), 
and of the side arms and U- connection (5A and 5B) snugly together, 
since gas pressure within the train might force them apart. This is done 
by fiber plungers tapered at the end and bearing in the dimples 9-9 
at top and bottom of the absorber. Compression is applied to these 
plungers by means of springs encased in the sets of five brass tubes at 
the top and bottom of the frame. The upper set of springs applies 
slightly more tension than the lower set. Thus the two types of 
grindings are held seated. The plungers are raised and lowered by 
small handles which may be locked in position to hold them away 
from the absorbers. 

Since all grindings are interchangeable, convenient connection to 
other apparatus, gas supply, metering devices, etc., is available. In 
addition, one or more absorbers may be replaced by other units, such 
as combustion tubes. The apparatus can thus be adapted to many 
uses. 


Washington, November 14, 1940. 
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MODIFICATIONS OF APPARATUS FOR VOLUMETRIC GAS 

ANALYSIS 


By Martin Shepherd 


abstract 

This paper describes modifications of the volumetric gas analysis apparatus 
originally described in this journal, volume 6 , page 121 (1031), Research Paper 
2G6. These modifications include new pipettes, particularly a new type designed 
for use with small amounts of solid or liquid reagents. The new equipment is. 
not intended to replace, but rather to supplement the apparatus previously 
reported. 
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During tlie course of experimental studies in gas analysis, the ap¬ 
paratus, which was first described in this journal in 1931, has been 
modified in some respects. These modifications are described herein. 
They may be regarded as optional and are not offered as required 
changes of the original apparatus, unless otherwise noted. They 
seem of sufficient interest to report at this time, especially in view of 
the fact that it is unlikely that a general revision of the design of the 
original volumetric unit will be described for some time. 

It will be convenient, in the interest of economy of space, to refer 
to the previous description of the apparatus. This will be*done by 
citing the number of the paper, RP266. For the further convenience 
of those who are familiar with this publication, the various modifica¬ 
tions will be discussed in the same order as that in which the parts 
were described in the original paper. 1 


I. THE BURETTE 


Most of the users of this apparatus, including men in our own 
laboratory, have found it convenient to supply the nitrogen used as a 
diluent during analysis by treating air with the pyrogallol solution 
This automatically eliminates the necessity for the atmospheric bore 
of the stopcock afhxed to the top of the burette (RP266, p. 123 li«- 
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Analysts have long wished for a burette to which no correction 
need be applied, and some time ago the advent of the KPG precision- 
bore tubing, made by Schott u. Genossen, offered the possibility of 
fulfilling this wish. It should be possible to construct such a burette 
at no great additional cost, since the actual units employed in its 
calibration do not matter, so long as they compare strictly one with 
another. In addition, the use of diluent nitrogen eliminates the 
necessity for measuring volumes smaller than approximately 5 ml, so 
that the destruction of the uniform bore at the very top of the burette 
where the cock must be sealed on is a matter of no concern. With 
these two facts in mind, the calibration should offer very attractive 
possibilities to the manufacturer. Instead of locating at least 5 and 
preferably 10 points along the tube by repeated weighings of mercury, 
and then setting up the dividing machine with the proper ratios for 
each of these measured intervals, the machine could merely be set to 
rule equal intervals of, say, 1.5 mm each along the length of a pre¬ 
cision-bore tube. The only point which would have to be located 
would be one near the top of the tube, so that the first line engraved 
would leave above it a whole number of whatever the unit happened 
to be. If the same size precision bore were always used, as it should be, 
the location of this one point could be easily accomplished by means 
of an auxiliary volumetric apparatus already designed. This would 
so greatly reduce the cost of calibration and engraving that the addi¬ 
tional cost of the precision-bore tube would be nearly canceled. The 
analyst when relieved of the irksome obligation of applying correc¬ 
tions would, without doubt, be glad to pay the slight premium that 
might be necessary to obtain this advantage. 

We had one such burette constructed from tubing of foreign manu¬ 
facture. The bore was so uniform that any 10-ml interval throughout 
its length equalled any other 10-ml interval within ±0.01 ml. This 
tubing is not generally available, and a source of tubing of sufficiently 
uniform bore has not been located in this country. As worldly matters 
are disposed at present, we hope that an ambitious American manu¬ 
facturer will undertake the production of this item. 

II. BURETTE ILLUMINATOR 

The reflecting mirror type of illuminator shown in RP266, page 124, 
figure 3, has been discarded, because of complaints that it provided 
insufficient illumination at the lower portion of the burette. The 
feature of the reading shield (fig. 2 of the same reference) has been 
retained. In one instance this shield has been mounted as was the 
illuminator of figure 3, but a 3-volt lamp with a ground-glass diffusing 
screen was placed back of it. In another instance the apparatus was 
placed within 4 feet of a white wall, and strong light reflected from 
this was sufficient when the reading shield was used. The new 
fluorescent daylight lamps of the 30-watt length give good illumination 
for the necessary observations. Equipped with a strip of black curtain 
traveling as a belt over pulleys at top and bottom of the lamp, and 
with a suitable slit in the curtain, which is adjusted to the position of 
the mercury meniscus, an excellent illuminator can be made at modest 

cost. 
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III. MANOMETER-COMPENSATOR 

The manometer-compensator has been simplified so that it can be 
made entirely by the glassblower. Instead of terminating the two 
electric leads from the manometer with binding posts, fastened in 
place by cement, these leads, one from the cap and one from the dome 
of the compensator (see RP266, p. 125, fig. 4), end in small glass cups 
into which a drop of mercury is put. The wires from the current 
source are then clipped into this mercury to provide the connection. 
For some work, the compensator has been modified by projecting the 
lower tube slightly into the top bulbed portion by means of a ring seal. 
This construction affords a small ring into which water is put. This 
serves to supply water from both the top and 
bottom regions of the compensator tube and 
so insures proper saturation. 1 The modified 
manometer-compensator is shown in figure 1. 

A miniature neon lamp on a 110-volt circuit 
may be used to replace the 3-volt miniature 
lamp across the manometer contact. This will 
eliminate a battery and condenser. 

IV. DISTRIBUTOR AND ABSORPTION 

PIPETTES 

In general, no permanent change has been 
made in the distributor other than the addition 
of tee cocks to accommodate additional pipettes 
in experimental models. Experimental study, 
however, has clearly indicated the desirability 
of duplicate pipettes for potassium hydroxide 
and pyrogallate solutions in the case of fuel-gas 
analysis—one pair for the absorption analysis 
preceding the combustion, the other for the 
absorption of carbon dioxide and excess oxygen 
after the combustion. This arrangement largely 



Figure 1 .—Modified 
manometer-compensa¬ 
tor (top section only). 


avoids significant errors arising from the physical solution of various 
components in these solutions, and is desirable for exact work, but it 
increases the number of tee cocks of the distributor from four to six. 
The 120° cock (RP266, p. 131, fig. 5, cock 9) can be omitted. If a 
fractional combustion tube is desired, it can be included by adding 
a single cock of the type illustrated in figure 2. 

Further experimental work with solid reagents and small amounts of 
liquid reagents has disclosed some interesting possibilities, and eventu¬ 
ally apparatus to accommodate such reagents will be more fully 
described. The apparatus so far used is sketched in part in figure 2. 
Since the small tubes used to hold the reagents act virtually as parts 
of the distributor, they can properly be discussed at this time. At the 
beginning of the analysis, the tubes (as well as the distributor) are 
filled with nitrogen, at the pressure of the compensator. The gas is 
passed through the tubes by using the combustion pipette as one 
reservoir and the burette as the other. The stopcocks are bored so 
that gas may be bypassed, or made to loop the loop, through an 
absorbing tube. The handle of the cock indicates the bypassed 


* J. R. Branham, Saturation by water in gas analysis compensators, J. Research NBS 18, 59 (1937) RP962. 
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position; the position of connection to the tubes is indicated by lines 
on the key and barrel of the cock. Tubes 1 and 2 are designed for use 
with small amounts of liquid reagents. These reagents are injected 
and removed by means of medicine droppers whose nozzles are inserted 
through the atmospheric bores in the ground caps at top and bottom. 
The caps are bored diagonally downward to facilitate this operation. 
The reagent is supported on glass wool, or various forms of glass 
wicking and cloth, which may be wound upon glass rods to present a 
long helical path for the gas. Tubes 3 and 4 are designed for solid 
reagents, and are capped with flat ground plates at bottom and top. 
These plates may be lubricated and held in place by springs, or ce¬ 
mented in place with a suitable thermoplastic. Tube 4 has been used 
with a desiccant in performing analyses during which all the gases were 


2 3 4 



I'igure 2 .—Apparatus for solid reagents and small amounts of liquid reagents. 

measured dry instead of saturated with water vapor. 2 The same 
arrangement has been used with a gasometric method for the deter¬ 
mination of ethylene oxide in carbon dioxide. 3 

Two new absorption pipettes of the bubbling t}^pe have been devel¬ 
oped since the description of the one with a perforated platinum plate 
at the exit (RP266, p. 133, fig. 9). One designed by J. R. Branham 
and E. O. Sperling, which emplo 3 r s a Pyrex slotted disk, has already 
been described. 4 The other has been available for some time through 
the Fish-Scliurman Corporation of New York, N. Y., and will probably 
be obtainable shortly in Pyrex glass. In this model, the gas stream 
is divided by means of a light-walled sintered glass thimble sealed to 
the exit (fig. 3). The thimble has been made in two porosities, G2 
and G3 (see the Fish-Schurman catalog). The thimble of finer porosity 
was slightly more efficient than the platinum-tipped pipette; that of 
coarser porosity was slightly less efficient, but proved to be the better 
choice because it decreases the back pressure. From the practical 
viewpoint, all three of these distributor pipettes are equally efficient, 
and all are about equal in cost. The Branham-Sperling type with 
slotted Pyrex disk is not yet available commercially. From a view- 

1 J. R. Branham, Martin Shepherd, and Shuford Schuhmann, Critical study of the determination of carbon 
monoxide by combustion over platinum in the presence of excess oxygen. (Publication pending.) 

3 J. R. Branham and Martin Shepherd, Gasometric method and apparatus for the analysis of mixtures of 
ethylene oxide and carbon dioxide, J. Research NBS, 22 171 (1939) RP1175. 

4 J. R. Branham and E. O. Sperling, Bubbler tip of Pyrex glass for difficult absorptions, J. Research NBS 
22, 701 (1939) RP1214. 
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point of general performance, there is little choice. The slotted-disk 
type is the most rugged of the three; the sintered-thimble type shows 
the least tendency to clog with repeated absorptions of nearly pure 
oxygen; and the platinum-tipped type exhibits the least tendency to 
form slugs of reagent in the inlet tube. 

In addition to the above, the pipette shown in figure 4 was designed 
for use with small samples of gas, say 10 ml, such as are employed in 
the ordinary Haldane type of analysis. This pipette has a perforated 
platinum plate 10 mm in diameter. 

V. COMBUSTION PIPETTE 

The Weaver-Ledig combustion pipette (RP266, p. 136, fig. 10) has 
been slightly modified. The stopcock at the top (cock 11 of the above- 




Figure 4. —Absorption 
pipette for small vol- 
■ umes of gas. 

A, Perforated platinum plate. 


mentioned figure) has been eliminated, because of the tendency for 
lubricant from this source to work down into the pipette. The two 
“ stainless” steel caps (2-2 of the same figure) have been provided with 
1-mm rods of platinum threaded into the bottom of the cap and extend¬ 
ing inside the tapered sleeve of the cap along the longitudinal axis. 
These rods insure good electric contact if the “stainless” steel becomes 
corroded. (Products of corrosion can, of course, be removed from 
inside the original type of cap.) 

VI. APPARATUS SUPPORT 

Two modifications of the original support (RP266, p. 140) have been 
made. The first is necessary, the second entirely optional. 

The rheostat has been covered so that mercury accidentally spilled 
will not collect upon wires which are sometimes warm. This is desir- 
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able in the interest of health, since the danger of too much mercury 
vapor in ah' is now well known. An auto transformer can be used 
instead of the ordinary rheostat. 

If it is desired, a sliding support can be substituted for the fixed 
rings used to support the leveling bulb connected to the burette. A 
clever arrangement was called to our attention by N. R. White, of this 
Bureau, and improved by H. W. Bailey, of the Bureau’s instrument 


i 



Figure 5. —Sliding support for leveling bulb. 


shop. The sliding ring supporting the leveling bulb is attached to an 
eccentric cam which bears upon the guide rod and so locks the ring 
securely in place. The cam is released by pressing a hand lever. The 
position of the cam is adjustable. The arrangement is shown in 
figure 5. • 

These modifications account for new features developed and tried 
since the first description of our volumetric gas analysis apparatus. 
They are of sufficient value to pass along to the present or prospective 
users of this apparatus, but do not constitute any formal change in 
the original model, other than noted as necessary in the foregoing 
text. Before announcing definite alterations, further experimental 
work will be necessary. In general, however, a six-pipette model has 
proved to be more useful than the four-pipette model, since it permits 
more accurate work in combustion and additional outlets for special 
problems. 

Washington, November 14, 1940. 

o 
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ABSTRACT 

This paper is divided into two parts. The first part reports the determination 
of the amounts of mercury vapor found in the air of various ventilated and un¬ 
ventilated laboratories at the National Bureau of Standards and elsewhere. The 
new optical mercury-vapor detector devised by Woodson and produced by the 
General Electric Co. was used to secure this information. The concentrations 
found ranged up to 70 micrograms of mercury per cubic meter of air. Various 
sources of mercury vapor are described, as well as some measures taken to lower 
the concentration. 

The second part, by members of the staff of the"],National Institute of Health, 
reports the results of extensive physiological and psychological examinations of 
38 laboratory men who were exposed to the various concentrations of mercury 
vapor noted in part 1. The examinations of these men were made 3 months after 
the severest exposures had been terminated. 
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Part 1. Mercury Vapor in Air 

By Martin Shepherd and Shuford Schuhmann 

I. INTRODUCTION 

The danger of breathing mercury vapor has long been known. 
Considerable information concerning the physiological effects of this 
vapor is afforded by the researches of the United States Public Health 
Service and others. 1 The symptoms associated with mercury poison¬ 
ing have caused many a moment's reflection on the part of imaginative 
laboratory workers. For instance, the long and interesting list of 
symptoms includes forgetfulness, a strong disinclination to work, 
mental fatigue, irritability, excitability, and other such matters 
associated with the daily history of normal people—both in and out of 
laboratories. Other symptoms such as headaches, digestive disturb¬ 
ances, and bad teeth are scarcely specific, but may furnish the excuse 
for a self-diagnosis which may cause unnecessary worry. 

In real cases of chronic mercurialism such general symptoms as 
those mentioned are often present; but there are other more definite 
symptoms. However, no one wishes to observe these other symptoms 
in himself, and for this reason may be entitled to an occasional flurry 
of healthy concern over the condition of his laboratory with respect 
to the mercury hazard. There are then two direct questions to be 
answered: 

1. What is the amount of mercury vapor in the air of various 
typical laboratories? 

2. What is the permissible limit of mercury vapor in inspired air, 
especially for daily exposure over long periods ? 

Part 1 of this paper will confine itself entirely to the first of these 
two questions. Information concerning the second question is given 
in part 2. 

While the two reports comprising this paper do not constitute a 
final answer to all cases, nevertheless they do give a general idea of 
what may be expected with regard to the hazard of mercury vapor in 
typical scientific laboratories. They are accordingly of interest to 
laboratory workers who have no clear idea of how much mercury vapor 
they may be dealing with, and what to expect from it. 

The first question concerning the amount of mercury vapor to be 
expected is at least partially answered in this portion of the paper by 
the results of the examination of various typical laboratories, venti¬ 
lated and unventilated, and containing different amounts of mercury 
(as liquid) of varying degrees of cleanliness. Among the laboratories 
examined were many devoted to typical as well as to special chemical 
and physical work. The laboratories were located at the National 
Bureau of Standards, the United States Department of Agriculture 
Experimental Station at Beltsville, Md., and the Geophysical Labo¬ 
ratory of the Carnegie Institution. Considerable concentrations of 
mercury vapor were found in some laboratories, although the general 
picture was not alarming. Remedial measures were taken where it 
was considered advisable. 

* An excellent bibliography of this subject is givon by Clark Goodman, Rev. Sci. Instr. 9, 233 (1938). Of 
particular interest are U. S. Public Health Bulletin 234, A study of chronic mercurialism in the hattere’ 
fur-cutting industry, by Neal, Jones, Bloomfield, Dallavalle and Edwards; and U. S. Public Health Bulletin 
263, Mercurialism and its control in the felt-hat industry, by Neal, Flinn, Edwards, Reinhart, Hough, 
Dallavalle, Goldman, Armstrong, Gray, Coleman, and Postman. 
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II. DETECTOR AND ITS OPERATION 



1. DETECTOR AND THE SAMPLING MODIFICATION 

Such a survey as that reported here could not have been successfully 
made without some such instrument as the GE optical detector. The 
various chemical methods that have been proposed are distinctly un¬ 
satisfactory. They are not only exacting and time-consuming, but are 
often inaccurate, usually because of the loss of mercury through vola¬ 
tility of its salts. One chemical method proposed by Nordlander, 2 
based upon the reaction of mercury vapor with selenium sulfide, is 
successful for higher concentrations of this vapor in air. According to 
measurements made during the calibration of the optical detector, 
the lower limit of sensitivity of the Nordlander instrument is approxi¬ 
mately 150 micrograms (^g) of mercury vapor per cubic meter of air. 
Since lesser amounts are of definite interest, the instrument was en¬ 
tirely unsuitable for a general survey of laboratories. 

The new optical detector sponsored by the GenerallElectric Co. was 
developed by Woodson. 3 Air to be examined is drawn by a motor- 
driven pump through a section of iron pipe, at one end of which is an 
ultraviolet lamp, and at the opposite end a photoelectric tube sensitive 
to the radiation from this lamp (2537 A). According to Woodson, 
the response of the phototube decreases when mercury vapor is present 
and scatters the radiation. The phototube is connected to a triode 
amplifier whose plate current is indirectly measured as an indication of 
the amount of mercury vapor present. 

The particular instrument used in this investigation was intended 
for permanent installation rather than for portable use, and it was 
accordingly mounted on the laboratory equivalent of a tea cart. 
Only one modification of the instrument was made—and this without 
changing a single part of the original apparatus. In order to be 
certain of the result obtained, the instrument must be used virtually 
as a differential device—that is, air containing no mercury must be 
compared with the air to be examined. Instead of making this com¬ 
parison simultaneously, which would be desirable, but for which the 
instrument was not designed, it was made by repeatedly switching 
from the mercury-free air to the laboratory air. This was done with 
a two-way steel cock connected to the inlet of the apparatus. The 
large (10 mm) bores of this cock offered no appreciable restriction to 
air flow. One inlet of the cock admitted air to be tested; the other 
admitted air which must pass through Hopcalite, 4 which quantita¬ 
tively removes mercury vapor from air, and so provides the reference 
air needed. To prevent the Hopcalite from offering significant re¬ 
striction to air flow, a relatively thin layer (15 mm) of this material 
with comparatively large surface area (about 20 cm 2 ) was supported 
on a screen within the glass tube acting as the absorbing vessel. The 
Hopcalite absorber has been tested from time to time by comparing 
air drawn through it with air taken directly from outdoors. No 
difference in composition was observed. The procedure used elimi¬ 
nated any effect of the rate of flow, to which the detector is somewhat 
sensitive. 

2 B. W. Nordlander, Ind. Eng. Chem. 19, 518 (1927). 

3 T. T. Woodson, Kev. Sci. Instr. 10, 308 (1939). 

4 Hopcalite is a proprietary catalyst for the oxidation of carbon monoxide. Hopcalite may now be obtained 
under the name Mercurysorb. 
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2 . CALIBRATION OF THE DETECTOR 

The detector was calibrated with air saturated with respect to 
mercury vapor at 0° C and known pressure. The amount of mercury in 
the air was calculated from the total pressure at the exit of the saturator 
and the known saturation pressure of mercury. 5 The calculated per¬ 
centage by volume was reduced to milligrams of mercury per cubic 
meter of air, assuming the density of mercury vapor at 25°C to be 
8.2 g/liter. Proper saturation with respect to mercury was shown 
to have been attained by approaching the desired equilibrium from 
opposite directions that is, air containing no mercury was passed 
through a saturator at 0°C, and thereafter air containing more mercury 
than corresponded to saturation at 0°C was passed through the same 
saturator now acting as a condenser. Concordant results were ob¬ 
tained. The amount of mercur} 7 in the air used for calibration was 
varied by diluting the saturated air with air containing no mercury. 

The apparatus used for this calibration is shown schematically in 
figure 1. Air containing no mercury entered the apparatus at the 
left under a pressure of 8 lb/in. 2 The stream was divided and passed 



at controlled rates through the two special needle valves, VI and V2. 
The portion entering the apparatus through VI was metered by a 
1/20 ft. 3 wet test meter, and was then passed through a drier containing 
calcium chloride, which removed excess water that otherwise would 
have condensed in the saturator. After leaving the drier, one of two 
routes could be used. The air might be passed through a presaturator 
with stopcocks Si and S3 opened and stopcock S2 closed; or the pre¬ 
saturator might be bypassed by reversing the setting of the stop¬ 
cocks. This operation could be accomplished without changing the 
rate of flow through meter 1. The presaturator was a 500-ml glass 
flask with inlet leading to the bottom, its walls completely coated with 
freshly condensed mercury. Air leaving the presaturator contained 
enough mercury vapor to correspond to approximate saturation at 
temperatures ranging from 40° to 25°C. Depending upon the pro¬ 
cedure selected, air containing such amounts of mercury vapor, or no 
mercury vapor at all, next passed through a cooling coil, a condenser- 
saturator, and a filter. All three of these units were immersed in a 
bath of crushed ice and water held in a D’Arsonval tube. The con¬ 
denser-saturator was a tall gas-washing bottle whose inlet terminated 
in a sintered glass disk which effectively subdivided the air stream. 
The disk was immersed in clean mercury, so that the air bubbled 


s Int. Crit. Tables 3, 205-206 (1928). 
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through a 5-mm layer of this continually stirred liquid. The filter 
was a pack of glass wool about 3 cm thick. No mercury could con¬ 
dense beyond the filter, since there the temperature was above 0°C. 
A manometer registered the pressure at the inlet surface of the filter. 
When air entering the precooler contained more mercury than cor¬ 
responded to saturation at 0°C, the condenser-saturator acted as a 
final condenser; and when air entering the precooler contained no 
mercury, the condenser-saturator acted as a final saturator. 

The air which contained mercury vapor was finally passed to the 
mixer, where it joined a stream of air containing no mercury. The 
latter stream, entering through V2 and metered by a 1 ft 3 wet test 
meter (No. 2), formed by far the larger percentage of the total air 
entering the mixer. The system was thus designed to insure proper 
equilibrium, since only a small portion of the total air need be satu¬ 
rated, and this resulted in relatively small rates of flow through the 
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MICROPRAMS OF MERCURY PER CUBIC METER OF AIR 

Figure 2. —Calibration curve for high sensitivity setting, 


saturator. The mixer was a glass tube of about 6-cm diameter and 
2 m long, provided with baffles. The inlet of the mercury-vapor 
detector projected about 20 cm into the mixer at the exit end. The 
total flow of air through the mixer always exceeded the amount drawn 
by the detector. 

The two meters were compared under the actual experimental 
conditions which existed during the calibration of the detector. This 
was done by connecting meter 2 at the exit of the filter and making 
simultaneous observations of volume at different rates of flow. 

During the actual process of calibration, the detector was repeatedly 
adjusted to zero reading with reference air containing no mercury, 
and a series of readings were taken, both with and without the pre- 
saturator in the line, with each definite setting of Vl and V2. The 
two meters were read simultaneously. The data are plotted in figure 
2. It will be seen that concordant results were obtained between*the 
two methods of approaching equilibrium with respect to saturation 
with mercury. The sensitivity of the instrument may be varied, but 
the data given were all obtained with the detector adjusted to maxi¬ 
mum sensitivity and a rate of flow of 0.5 ft 3 /min. At the lower con¬ 
centrations, 1 scale division corresponds to approximately 9 ng of 
mercury per cubic meter of air. The full range of the scale is 20 
divisions, and tenths of a division may be estimated without difficulty. 
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The highest sensitivity claimed by Woodson is 10 micrograms per 
cubic meter (Mg/m 3 ), but our experience justifies the statement that 
an indication of half this amount can be relied upon under ordinary 
test conditions, and ±0.1 of a scale division is usually significant 
under carefully controlled laboratory conditions. 

3. GENERAL BEHAVIOR OF THE DETECTOR 

During the entire progress of this work, the detector gave an excel- 
lent account of itself and repeatedly proved itself trustworthy. There 
were times when its indication was regarded with a moment's doubt 
but m the end it always turned out that the operators and not the 
instrument had been fooled. A homely example will suffice to illus¬ 
trate. Before the sampling device was installed, outside air was 
being compared with air in a, hallway by alternately connecting and 
disconnecting a glass sampling tube by hand. No difference was 
observed between the two atmospheres; but when a chance observer 
made the test, there was an indication of mercury immediately upon 
his removing the fresh-air inlet. This was observed to vary as he 
repeated the operation, and it was apparent that the distance be¬ 
tween his hand and the sampling inlet determined the extent of the 
response of the detector. It was then recalled that, a short time 
before, this observer had been left in the act of cleaning mercury from 
j 11S bench, following a test of his laboratory. His right hand, which 
had been so employed, gave the upscale reading; his left hand, which 
had not been as industrious, gave no reading. From that time on, 
the operator's hand was required to show a clean blank, and actually 
touching the sampling inlet was avoided. 

The response of the indicator to various substances other than 
mercury was examined. The list included all of the organic solvents 
to be found upon the shelf of the various well-equipped laboratories 
visited during the survey, as well as water vapor, carbon dioxide, 
illuminating gas, ozone, dust, tobacco smoke, and even some aqueous 
solutions of mercury salts. Marked responses to high concentrations 
of some organic solvents, ozone, and illuminating gas were noted. 
However, the use of the detector as specifically related to mercury 
vapor was in no way limited thereby, since the nose was always more 
sensitive than the detector. A room filled with a blue haze of tobacco 
smoke gave an indication of three times as much mercury vapor as 
was actually present; therefore, smoking was avoided in laboratories 
to be examined. The dust ordinarily present will not interfere. A 
comparison of mercury-free air, taken from outside and from inside 
of a building whose air was cleaned with an electrostatic precipitator, 
showed no difference. Insofar as our extended experience goes, the 
detector can be trusted to indicate mercury vapor alone if the nose 
can detect no organic vapors, ozone, etc., and no dust or smoke can 
be seen. 

The detector is somewhat sensitive to changes in temperature and 
to rate of flow. The two effects are associated, although a second 
factor, namely, the catalytic oxidation of mercury by the UV lamp, 
influences the response, particularly at the lower rates of flow. The 
detector is designed to operate at a fixed rate. However, calibrations 
were obtained at 0.25, 0.5, and 0.75 ft 3 /min, and were notably different. 
Changes in either temperature or rate of flow will cause a drift from 
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the zero adjustment, and our greatest difficulty with the instrument 
arose from this fact. The difficulty was overcome by the sampling 
unit already described. This permitted such rapid mtercompanson 
of the reference air with that to be tested that temperature equilibrium 
was no longer a primary consideration, and the effect of rate of flow 
was e limin ated by making the sampling rate equal to the reference 

It was suspected that the possible accumulation of dust upon the 
glass walls of the TJV lamp and photo tube might alter the calibration 
of the instrument, but no such change was measured after several 
months of use. However, it is possible that changes from this or 
other sources may sometimes occur; therefore, the instrument should 
be recalibrated periodically until its behavior is better established. 

III. LOCAL SOURCES OF MERCURY VAPOR FOUND IN 

LABORATORIES 


The General Electric Optical Detector is admirably adapted to 
ferreting out local sources of mercury vapor, and many of these sources 
were explored during the survey of various laboratories. They will 
be noted now, since this will serve to give a general picture of laboratory 
conditions, which will later assist in understanding and interpreting 
the results reported for the average atmosphere of the same labora¬ 
tories. It may be mentioned in this connection that many people 
seem to think that if mercury is exposed in a laboratory, the concen¬ 
tration of vapor within the entire room will be equivalent to satura¬ 
tion at the existing temperature. Fortunately, this is very far from 
true, since the mercury vapor from relatively small sources is quickly 
diluted by the air supplied by normal ventilation. 

Mercury spilled upon a bench or floor is perhaps the commonest 
source of its vapor in most laboratories. The following example 
shows what happens after mercury is spilled. Nearly 100 ml of 
mercury was discharged from the top of a buret and fell about 1 
meter to the bench below. Most of it collected as a pool upon the 
bench (designed to trap mercury), although some reached the floor 
and the side of an adjacent bench. The room was 20 by 18 by 11 ft., 
and was ventilated with eight complete changes of fresh air per hour. 
The room temperature was approximately 25° C. The air was 
examined at nose level 6 ft. from the bench. Fifteen minutes after 
the mercury was spilled, the air contained 120 /zg of mercury per cubic 
meter. Twenty-four hours later the concentration had decreased to 
60 /zg/m 3 , and after another 28 hours to 35. The bench top was then 
shaken by blows of a mallet. Ten minutes thereafter the concentra¬ 
tion in the air was again 120 /xg/m 3 cubic meter. This effect seems 
quite typical. Exposed mercury surfaces gradually collect a pro¬ 
tective film of oxide, sulfide, grease, dirt, etc., which diminishes the 
amount of mercury vapor escaping. When the surfaces are fresh¬ 
ened, the mercury again escapes in greater amounts. Another 
example of this effect was found in a small unventilated room, a 
portion of whose sheet metal (tinned) floor was amalgamated. The 
air of this room had repeatedly indicated 60 /zg of mercury per cubic 
meter. The concentration had been so uniform and reproducible 
over a period of several months that the room had been used for brief 
experiments associated with respiration and with a reagent for 
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removing mercury vapor. One day the air of this room indicated 
almost no mercury vapor. While the senior author was pacing the 
lioor wondering what had gone wrong with the detector, he remem¬ 
bered that the room had not been used during the past month. The 
pacing was continued at an accelerated tempo, and soon fresh surfaces 
of mercury had been rubbed up, and the air of the room again con¬ 
tained 60 Mg of mercury per cubic meter. The higher concentration 
of meicuiy \ apor usually found at floor level is reasonably explained 
by the fresh surfaces and elevated temperatures following the brisk 
massage applied by the sole of a shoe. 

A bench top may hold mercury that cannot ordinarily be seen. 
For example, mercury was spilled upon a smoothly finished maple 
bench top. It was then brushed off, the bench top was carefully 
wiped off with a damp cloth, and no mercury could be seen. For 
months thereafter, the hand could first be held near the inlet of the 
detector to insure no response, then rubbed over the bench top and 
so made to give a high response. The microscope disclosed ample 
reason for the response of the detector* viewed so, the bench top was 
splattered with small globules of mercury. 

Mercury kept in open containers is probably the second most 
common source of its vapor in most laboratories. If the mercur 3 7 is 
left undisturbed over long periods and is visibly dirtv, it may not 
yield much vapor. The air within a radius of 20 in. of open bottles 
containing such mercury indicated less than 10 Mg/ 1 ** 3 ; but when the 
mercury was disturbed by moving the container, the concentration 
increased immediately. The air at nose level near the mercury 
switch used with a resistance bridge and platinum resistance thermom¬ 
eter contained 20 Mg/m 3 when the switch was at rest between read¬ 
ings? an d 40 Mg/m 3 for a moment after the position of the switch had 
been altered. The air at the atmospheric opening of a leveling bulb 
containing mercury showed 20 to 30 Mg/m 3 at nose level 20 in. from 
the bulb, when mercur} 7 was flowing into the bulb. These observa¬ 
tions were made in ventilated laboratories. 

Mercury may sometimes fall upon surfaces which are heated at 
times. Often its presence in such spots is not suspected. During 
the survey of various laboratories, cylindrical rheostats, thermal 
insulation of diffusion pumps, ovens and such devices, and even 
electric lamps were found to be sources of mercury vapor. Amounts 
varying from 30 to 200 Mg/m 3 were found at respiratory levels in the 
immediate vicinity of such apparatus. This concentration was 
greatly reduced at distances greater than 2 or 3 ft. from the source. 

The exhaust of ordinary vacuum pumps of the oil-immersed type 
is often a source of mercury vapor. This happens if the pumps are 
drawing air across mercury surfaces, or acting as backing pumps for 
mercury-vapor pumps. The air within 10 in. of the exhaust of such 
pumps indicated mercury vapor in amounts varying from 60 to 200 
Mg/m 3 . 

Some types of high-frequency electric furnaces are prolific sources 
of mercury vapor. 6 The present practice is to place the furnace 
under a hood and remove the vapor by strong suction. Of various 
units so equipped, all but one examined in this survey were satis- 

8 Turner has reported a very serious case of this sort. The amounts of mercury vapor he found were 
much too low, because of the extremely large error inherent in the analytical method available at that time. 

U. S. Public Health Service Report 39, No. 8 (1924); and B. W. Nordlander, Ind. Eng. Chem. 19, 522 
(1927.) 
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factory; in tlie exceptional case, 30 jig/m 8 was found in the air im¬ 
mediately outside of the screen guard of the furnace. 

In one laboratory, hot bituminous material was poured onto amal¬ 
gamated brass plates. With the wind in the proper direction, 200 
Mg/m 3 was easily detected during the pouring process. The air 
immediately around a stack of the amalgamated plates, at room 
temperature, contained 20 /zg/m 3 . 

While the following source does not strictly contribute mercury 
vapor to the laboratory ah, it certainly does to the inspired air. It 
may therefore be included as important. A cigarette was tapped upon 
the maple top of a bench upon which mercury had been spilled and 
brushed off. No mercury was apparent on the bench top except by 
careful scrutiny through a magnifying glass. The end of the cigarette 
was examined under a low-power microscope. The tobacco held 
many small globules of mercury. Since tapping the cigarette prior 
to lighting it is a habitual practice with smokers, and a laboratory 
bench is often used for the purpose, this hazard should be realized. 

IV. AMOUNT OF MERCURY VAPOR FOUND IN THE AIR 
““ OF VARIOUS LABORATORIES 

In the report which follows, the amounts of mercury vapor noted 
are expressed in micrograms per cubic meter of air, and represent the 
average of three or more observations made at significant respiratory 
levels. Comparison with reference air was always made. When 
necessary, a glass tube with short rubber connection was placed so 
that its inlet was, as nearly as could be judged, in the space most 
frequently occupied by the laboratory worker's nose. The glass- 
rubber sampling inlet was repeatedly tested with mercury-free air to 
insure its freedom from contamination. (Rubber tubing is not to be 
trusted without such tests. It may have picked up organic solvents or 
even mercury. For this purpose, it must be free from talc.) 

The survey was made during the winter months, and the laboratory 
windows were always closed. The room temperatures were approx¬ 
imately 25° C. Mercury had been spilled at one time or another in 
all of the laboratories examined. In many cases, it had been cleaned 
up and was no longer apparent; in other cases, more or less spilled 
mercury was visible. 

The observations are given in table 1. The laboratories are divided 
into four groups with respect to the amount of mercury vapor found. 
A rough appraisal of the amount of spilled mercury, and specific 
sources of the vapor, are given for each laboratory. Ventila¬ 
tion is specified in somewhat general terms. “Natural” refers to 
steam-heated rooms, with ordinary unsealed doors and windows, and 
without forced ventilation. “None” refers to rooms without windows 
or vents, or rooms which have been reasonably closed for the purpose 
of maintaining constant temperature and humidity, where the ventila¬ 
tion occurs by occasionally opening and closing a door, or by seepage 
through materials of construction. Room 0 C was actually the nearest 
approach to a sealed airtight compartment. When forced ventilation 
was used, the number of changes of fresh air per hour is noted. The 
amount of mercury vapor found is expressed in micrograms per cubic 
meter of air. 


Table 1. —Survey of various typical laboratories with respect to mercury vapor in respiratory air 
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4 brief study of the table gives the following information. Of the 
61 laboratories tested, 28 yielded less than 4 ug of mercury per cubic 
meter ot air, 16 yielded amounts varying from 4 to 12 /xg 7 yielded 

01 | U , P 1 1 J • up to 70 /xg. The amount of mercury 

vapor iound depended primarily upon ventilation and thereafter upon 

the number and types of local sources, and the degree to which mercury 

surfaces were disturbed by mechanical means or mercury.was vapor¬ 
ized by heating. I he survey was not sufficiently extensive to justify 
any statistical correlation between the type of laboratory, in terms of 
physical or chemical, with the amount of mercury found, even though 
the largest amounts were found in physical laboratories. If such a 
correlation exists, it would probably find its natural explanation in the 
lact that chemical laboratories are generally very well ventilated, and 
special physical laboratories may not be. The total amount of 
mercury actually used is not the important factor. This is illustrated 
by comparing room 209 C, which yielded 8 to 12 /xg/m 3 of air, with 
oom 0 C, which yielded 60 /xg. At least 500 lb of mercury is regularly 
used m room 209 C, and only a few grams in room 0 C. Although 
most of the mercury m the former laboratory is kept within closed 
glass vessels, the surface exposed to air far exceeds that exposed in the 

• a an d m addition there are other local sources not present 

in the latter room. The difference lies in the ventilation. 

In general, the survey should be comforting to those who work in 
we -ventilated laboratories and are not careless with their mercury. 

t may give a moment’s pause to those who are too careless, and 
should cause some real reflection on the part of those who work with 
even small amounts of mercury in unventilated rooms. Whether 
such reflection is entirely justified is a problem for medical agencies. 
Until sutfacient data have been collected to answer this question, the 
experiments outlined in the following two sections will be of interest. 

V. REDUCTION OF MERCURY VAPOR IN THE AIR OF 

SEVERAL LABORATORIES TESTED 

1. EFFECT OF VENTILATION 

By far the most effective means of reducing the mercury content of 
laboratory air is ventilation. The effect of ventilation is illustrated in 
the followmg experiments. 

Room 209 C was examined under the same conditions of temperature 
and exposure to mercury, but with varying degrees of ventilation. 
VVith approximately 6 changes of air per minute, the air contained 12 /xg 
ol mercury per cubic meter. With 8 to 10 changes of air per minute, 

8 /xg/m was found. With 2 windows open and a slight breeze blowing 
in, the concentration dropped to 3. 

. Room 0 C contained 60 /xg/m 3 ; with a small blower forcing in fresh 
air, the concentration dropped to 32. 

Room 23 B contained 16 /xg/m 3 ; with 2 windows open, the concen¬ 
tration dropped to 6. 
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An example of what may be expected if local sources of mercury 
vapor are at least partially removed is afforded by the following 
experiment. The air of room 209 C contained 15 Mg of mercury per 
cubic meter under the following conditions: A few globules of mercury 
were trapped in the asbestos insulation surrounding a mercury-vapor 
pump, which was operating and therefore hot; three Ilyvac pumps 
were operating, drawing air over mercury and discharging into the 
room* a few globules of mercury were on the surface of a lighted 60- 
watt electric lamp; a few globules of mercury were visible on the floor 
and upon benches; the ventilation was 8 to 10 changes of air per 
hour* the laboratory temperature was 25° C. Then the exhaust from 
the Hyvax pumps was piped outside; the mercury was removed from 
the two heated surfaces, and partially (it can never be completely) 
removed from the floor and benches. Under these new conditions, 
and at the same temperature and degree of ventilation, the concen¬ 
tration was lowered from 15 to 4 Mg of mercury per cubic meter. 


3. CLEANING AND REFLOORING 


Room 112 E, an unventilated physical laboratory, contained a 
great deal of spilled mercury. Much of this had collected in cracks 
of the wooden floor, and had even run under baseboards. Walking 
across the floor would raise the concentration of mercury vapor 
considerably. The room was subjected to a thorough house-cleanmg. 
The mercury was carefully cleaned up, the baseboards were removed 
and the hoarded supply removed, the floor was treated with sulfur, 
oiled, and thereafter a sealed linoleum floor was installed. Previous 
to this work, the concentration of mercury vapor in tliis room was 
16 to 60 Mg/m 3 of air. After the cleanup, the concentration was 


lowered to 4 to 6 Mg- ,, , 1,1 

In this connection, it is well to remember that when mercury is 

spilled upon the floor of an unventilated room, enough will remain 
in cracks and uneven places, even after cleaning up, to yield a con¬ 
siderable amount of vapor if the floor is walked upon. This suggests 
the advisability of a mercury-free duckboard. A rubber mat which 
can be discarded when contaminated is one means of avoiding 

difficulty. 


4. REMOVAL OF MERCURY VAPOR BY IODIZED CHARCOAL 

Room 0 C, the small unventilated room lined with tinned sheet 
metal, which was previously mentioned, consistently showed the 
presence of 60 Mg of mercury per cubic meter of air. A large ceiling 
fan circulated the air, and the concentration of mercury vapor was 
uniform throughout the room. A commercial device was installed 
which circulated air at the rate of approximately 250 ft 3 /min over 
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(not through) iodized charcoal. The lowering of the amount of 
mercury vapor with time was as follows: 



VI. RESPIRATORY EXPERIMENT—RETENTION OF 

INSPIRED MERCURY VAPOR 

The following simple experiment was performed by the senior 
author and H. Matheson of this Bureau. As noted previously, 
room 0 C was a tightly sealed space in which known concentrations 
of mercury vapor could be uniformly distributed. With the ceiling 
fan operating and an open surface of clean mercury (approximately 
4 m. in area) placed within the room, it was possible to raise the 
concentration of mercury vapor to 200 jug/m 3 of air within 5 minutes. 
When the source of mercury was removed, the concentration re¬ 
mained nearly constant for 20 to 30 minutes. 

Using this well-suited environment for the experiment, air con¬ 
taining known amounts of mercury vapor was inhaled and then 
exhaled through the mercury-vapor detector. The rate of exhalation 
was measured by. a flowmeter, so that the detector was supplied at 
its normal sampling rate. When air containing 60 jug of mercury 
vapor per cubic meter was thus inhaled, the exhaled air contained 
no mercury vapor. When air containing 200 jug was inhaled, the 
exhaled air contained 8 to 12 jug in the case of one man and 0 to 8 jug 
in the case of the other. 

It is true that the conditions of the experiment do not represent 
normal respiration, since inspiration was deep and the respiratory 
rate was not normal. Nevertheless, the ability of the lung area to 
quickly and almost completely absorb these amounts of mercury 
vapor is startling. If absorption during normal respiration is of the 
same order of magnitude as indicated by these direct experiments, it 
would be entirely possible for a worker, occupied 8 hours per day, 
m a laboratory containing 15 jug of mercury vapor per cubic meter 
of air, to absorb 72 jug of mercury in the course of a day’s work. 
(This assumes a respiratory volume of 10 liters/min, slightly in 
excess of the average for activity corresponding to ‘ ‘s tan ding” and 
less than corresponds to the average for “walking 2 miles per hour.”) 

With the absorption of anything like this amount of mercury, one 
would expect to be able to detect it in the mine of workers so exposed. 

It is worthy of note that mercury was found in the urine of three men, 
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whose exposures (before the laboratories were cleaned and recondi¬ 
tioned) were as follows: . onQ p About .SO 

horns per week ^working with gas analysis apparatus where the 
resSratc^ry air contained 12 to 20 of mercury per cubic meter. 

Total neriod involved about 10 years. , 

r> ase 2._Approximately 2 hours per week with same exposure as 

case 1. About 37 hours per week in room 209 C at a concentration of 

stn 19 u o7m 3 Total period involved about 20 years. 

8 C.te 3!—^Exposure .0 60 «/m- in room 0 C 

maximum periods being approximately 2 'Oors w.tb a total of about 
6 hours per week. Total period involved about 2 years 

Urinary analyses in cases 1 and 2 were made by the Chemical 
Laboratory of the United States Army Medical Center W alter Reed 
Hospital m charge of Col. C. J. Gentzkow; tests m case 3 were made at 
this^Bureau. The urinalyses were not quantitative, but in each case 
mercury was definitely isolated as the metal from the specimen - 
The physiological significance is not established, but it is suspected 
that such exposures had best be avoided if possible. These exposures 
were complicated, since in all three cases there was also 
for absorption through the skin, and in addition likelihood of contami- 

nated cigarettes, particularly in the first two cases. 

About 3 months after the concentration of mercury vapor had been 
reduced (as previously noted) in the worst of the laboratories reported 
in this survey, the National Institute of Health conducted a compre¬ 
hensive series of physiological and psycological tests on 38 men from 
this Bureau who had previously been exposed to the various concen¬ 
trations noted in table 1. The result of this investigation is given in 

part 2 which follows. 

Part 2. Medical Examination of Thirty-Eight Workers 

By Robert H. Flinn, 1 J. Walter Hough. 1 and Paul A. Neal 1 

I. INTRODUCTION 

In recent years interest in industrial mercurialism has increased. 
This interest has been stimulated by United States Public Health 
Service studies of chronic mercurialism among workers engaged in the 
preparation of fur [1] and its fabrication into fur felt hats [_] and by a 
studv bv Markwith and his associates [3] in Ohio dealing with the 
problem of mercurialism among men engaged in the manufacture of 
copper amalgam. In connection with these investigations, attention 
has been attached naturally to the possibility of mercurialism occur¬ 
ring among workers in scientific laboratories, where often large quanti¬ 
ties of mercury are used in such analytical procedures as gas analysis. 

Turner [4] in 1924 made an investigation of mercurialism at the 
National Bureau of Standards. Nordlander [5] in 1927 showed the 
fallacy of earlier methods of measuring atmospheric mercury concen¬ 
trations and presented a new method. Christensen [6] in 1937 
warned of the danger of mercurialism in unventilated or poorly ven¬ 
tilated rooms. Goodman [7], Eltenton [8], and Giese [9] have dis- 

i From the Division of Industrial Hygiene, National Institute of Health, United States Public Health 
Service, Federal Security Agency. 
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MccfrrTll fc n°ni S ioTo™ 1 u/- ^ hc , ™ ercury hazard in laboratories. 
McUarroU [10] in 1939 published tbe results of a United States 

ureau of Afines investigation of the hazard of mercury vapor in 

laboratories of the petroleum industry and presented 
detailed recommendations for the control of this hazard. 

fn the Public Health Service study of the hatting industry [21 59 

?Z C hon C lr0mC , mer ?, Uriall c sm were found on medical examination of 
534 hatters employed in 5 representative felt hat factories. These 

h n°H k >? rS W6re ? ng ^ ged in Ibe fabrication of felt hats from fur that 
had been previously treated with a mercury carrot. Four of the 21 

S 1J the S 179 £rt eT& ’ 8 °i f the 34 coners ’ 6 of the 29 hardeners, and 33 
ol the 179 starters and sizers were so diagnosed. These men were 

27n rk 2™ ™H r 9 ?n SSeS t f hat oflered an average mercury exposure of 500, 
270, 250, and 210 gg of mercury per cubic meter of air, respectively 111 

as measured by the Nordlander instrument. The incidence of 

W&S f0Und t0 mcr ^ se wit h increasing intensity and 

S ^- ed - m te ™ s of milligrams per 10 m 3 of air. 

of TTpsdih ti, e r ] ? 1V i 1 T n c . of f nd o s trial Hygiene, National Institute 
oi Health, of the United States Public Health Service received a 

Comnon S' th ® Med ? cal Director of the United States Employees 
£1° ^orlcing conditions on health in certain laboratories at the 

® as a confining fluid in gas analysis. A request was made 

- comme , nda Ponsregarding any necessary steps to protect the 

P oyees \yho might be exposed to hazardous mercury concentrations. 

n compliance with this request, the National Bureau of Standards 

was visited and it was found that mercury was being used in large 

quantities m the gas analysis laboratories, in laboratories for the 

esting oi dental amalgams, and in certain other laboratories as 

descnbed by Shephard and Schuhmann in the preceding part of this 

paper dealing with the environmental exposure of workers in these 
laboratories. 

By means of a newly designed mercury detector [11J, they were 

able to identify lower atmospheric concentrations of mercury in the 

workrooms than was possible with the Nordlander instrument, the 

range being from less than 4 to 70 jug of mercury per cubic meter of 

air. As stated in part 1 of this report, about 3 months prior to this 

visit an attempt had been made to control the atmospheric mercury 

exposure of these workers. This had resulted in a material reduction 
oi such exposure. 


II. EXAMINATION OF EMPLOYEES 

In order to ascertain the possible effects of exposure to mercury, 
^ u e ? a Pj°y ees National Bureau of Standards were examined, 

who had had varying degrees of exposure to mercury in the workrooms 
previously described. These examinations were made between June 
28 and July 12, 1940. The duration of employment in such laboratories 


1 
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varied from 1 year to 33 years and averaged 9.1 years. These medical 
examinations included a complete medical and occupational histoiy 
and a physical examination with special attention to signs of mer- 
curialism, such as intention tremor, abnormal psychic changes, 
vegetative changes such as abnormal blushing, sweating, and dermo- 
graphia, and increased tendon reflexes. Intention tremor was also 
sought for by objective methods including a Porteus maze test, a 
handwriting test, and a psychologic test for hand steadiness. In 
addition to this, tests were given to determine reaction time, reaction- 
coordination time, and speed of tapping, as described in a recent 
study of the Public Health Service of fatigue among truck drivers [12]. 
Clinical laboratory examinations included hemoglobin determination 
(Newcomer), erythrocyte and leucocyte counts, differential white-cell 
counts, and determinations of stippled cells and reticulocytes. Routine 
urinalyses were made on all subjects. A chemical analysis was made 
for mercury in certain 24-liour urine specimens, using the method 
described by Goldman [2]. In addition, spectrographic determinations 
for mercury were made by the method described by Armstrong [2] 
on all 24-hour samples as well as on single specimens. A Kahn test 
was made on the blood of all persons examined, and the examination 

included an X-ray film of the chest. 

Two previous studies of the Public Health Service in the fur-cutting 
and hatting industries had revealed 102 cases of chronic mercurialism 
among a group of 1,063 workers exposed. The average exposure of 
these workers varied from 20 to more than 700 ng of mercury per 
cubic meter of air. • The symptoms observed in these examinations 
included complaints of tremor, psychic disturbances and nervous 
disorders, headache, drowsiness or insomnia, and weakness. The 
outstanding physical findings in this group of 102 cases included fine 
intention tremor; psychic disturbances, particularly irritability, ex¬ 
citability, timidity, apprehension, and restlessness; vaso-motor dis¬ 
orders as indicated by readiness to blush, excessive perspiration, and 
dermographism; increased tendon reflexes; gingivitis; and slight 
abnormalities of speech. The hatters with mercurialism tended to be 
underweight, to have increased systolic blood pressure, and to show 
albumin and red cells in the urine. At low atmospheric mercury 
exposures, the urinary mercury values were low and the range narrow. 
In successively higher atmospheric exposure groups, both the average 
value and the range of values increased, varying from 0 to 2.7 mg of 
mercury per liter. Many hatters with mercurialism were found to 
have measurable amounts of mercury in the urine, but these samples 
contained on the average slightly less mercury (0.297 mg of mercury 
per liter) than similarly exposed but nonaffected workers (0.413 mg of 
mercury per liter). No association was found between mercurialism 
and the hemoglobin content of the blood or reticulocyte and differen¬ 
tial white-cell count. 

It is known, of course, that any of the above symptoms and signs 
may occur in apparently healthy persons among the general popula¬ 
tion. Such was found to be the case in this study of 38 laboratory 
workers and in other studies of the Public Health Service among 
industrial populations not exposed to mercury. No individual was 
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found, however, m this study, with a sufficient combination of the 

this disease, and those isolated symptoms observed were not of the 
degree of severity seen in hatters Vith mercurialism 

As a group, these 38 men were in good general health Tho 

currence of tremor, psychic disturbanfcs .KSll “fleV Vllett 

and was thought to be in about the same proportion as that for mpn 
of similar ages m industries with no mercury exposuS In no instS.ce 
was moie than a slight degree of tremor observed. This observation 

test b *** he results of the maze test, the hand steadiness 

the psychologic tests which measured manual stoadmess siml 
reaction time, reaction-coordination time, and speed of tanning 
bpectrographic analysis of single and 24-hour specimens 

about 6 0 05 'SS I( ' qaantlties of mercury (spectrographic threshold 
aoout u.Uo mg/liter). bpectrograplnc analysis of blood samnles re 

vealed no measurable mercury. Chemical analysis of fourteen 24- 

hom samples of urine revealed no mercury. X-ray examinations of 

SMtoatioToOhe'bLT 65 f h?ll ' d ' “T“**> tuberculosis Ch“ct 
oOffiee JeCtd 5 ered £° ta i bly flom tbe others in that on the Lt 
psychic disturbances and had a history of excreting measurable 

fr ° n ! a , se + ri ? US a ? d I )ainful vascular disease, however that 
n Lv, contributed to these symptoms as they were much improved 

^e^ous eq a U tTac, e - X ^ matl0nS -- r ° n leather hand, the possibffity of a 

{ mercurialism with a few intermittent residual 

to mercurv v OT 1 ^ 0 t i be j eX + C ud ? d ' ^is one case > previous exposure 
examination ^° r ^ ermin ated 7 months before the physical 


III. CONCLUSIONS 

f conclusion, there was no medical evidence of mercurialism mani- 
1 ^ ;y ese v? laboratory wmrkers exposed to concentrations of 
fmrh*nffcf S aU ^ of mercury per cubic meter of air. These 

cnriolStY^k 6 Vu a ?? e ?f n< ? n o W1 th those made in other studies on mer- 
nwnri fi T Ul ?!u ed States Public Health Service. Those studies 
r»f a ^ 0rd -^ ^l^h exposure to concentrations of more than 100 ng 

ol mercury per cubic meter, cases of mercurialism were found. 

j 001 !^ 1 ^ 10 ! 118 i in °tl ler laboratories are such that there is 
erabie whether control measures for mercury exposure 

* a equate, it would be desirable to have an experienced industrial 
p ysician and industrial hygiene engineer evaluate the hazard and 
recommend suitable measures for its control. 
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FIELD EQUIPMENT FOR IONOSPHERE MEASUREMENTS 

By Theodore R. Gilliland and Archer S. Taylor 


ABSTRACT 


Field equipment for the automatic recording of virtual heights and critical 
frequencies of the ionosphere layers is described. Such equipment is useful for 
special investigations, such as during solar eclipses, to supplement the systematic 
recording which has been in progress at Washington since 1932. A frequency 
range from 790 to 14,000 kc/s is covered. Only 1 minute is required for the 
recording cycle. Records are made on 35-mm positive him. The transmitter is 
nulsed by means of a Thyratron and resistance-capacitance network controlled 
by a magnetic synchronizing device. The equipment is mounted in an automo¬ 
bile trailer and is complete, including a primary source of power. 
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I. INTRODUCTION 

The need for ionosphere recording apparatus that could be readily 
transported from place to place has been apparent since the beginning 
of systematic recording of ionosphere characteristics at Washington 
in 1932. Although more or less systematic observations are now made 
at a number of places on the earth, furnishing, to a limited extent, a 
world-wide picture of the changes in the ionosphere, the need remains 
for field equipment which can be used for special experiments requiring 
the selection of time and position of the observations. 

Several examples of such special experiments may be cited to demon¬ 
strate the usefulness of transportable and self-contained recording 
equipment. Observations may be made in the paths of solar eclipses. 
These are of special interest in ionosphere studies, since they give, in a 
unique manner, an indication of the structure and mechanism of 
formation of the various strata. The extent of clouds of ions responsi¬ 
ble for sporadic reflections may readily be investigated. The variation 
of the effects of ionosphere storms and sudden ionosphere disturbances, 
as well as the variation of the regular ionosphere characteristics with 
latitude and longitude, may be studied in detail. Measurements at 
high latitudes are of particular interest in the study of the relation of 
the earth's magnetic field to the ionosphere, as well as in the study 
of anomalies in transmission over paths that pass through high lati- 
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tudcs Also, the calculations now used to extend vertical-incidence 
data to transmission over a distance may be checked by direct observa- 

whbdi^ t p(i^nrn' d Weig H ar ? important characteristics 

which the equipment should have. It also should be arranged for 

ease of installation and be self-contained, including shelter primary 
h?> U ?nn°K?° We f r ’ and n ] GanS of transportation. The equipment should 

attention^ 6 ° f rec ° rdmg automatically for several days without 

Past experience has indicated the desirability of a system which 
would record more quickly and more frequently than any h Set of ore 
developed. Irequent operation is especially desirable for observations 
dui mg such rapid ionosphere changes as solar eclipses, ionosphere 
storms, sudden ionosphere disturbances, and sunrise periods P Fast 

recordmg also offers a saving in power consumption and reduces the 

e^ct of interference with outside radio services caused by the record¬ 
ing. Furthermore, if the records are made frequently enough, and if 
they are properly registered on motion-picture film, it should be pos- 

of v a fn P P f^ e3m t a 'V a m ° tl0n Picture ‘ Such Projection would be 
of value for demonstration purposes and would probably show in a 

snhere 6 “arw,P ro S iess of changes in the condition of the iono¬ 
the rne S tK 10n mv, tS P erf ° r . mance has demonstrated the feasibility 7 ^ 

" IT™ ; t rho recording system described in this paper requires 

a COmpIete record, and with some modification 
could be adapted for ^-minute operation 

Q S l ttin f d °wn th e details of the component parts of the ap- 
a-brief generni description of the experiment and quantities 
j • • t - a ^ ]? e °/. va lue- The method of measuring the heights 

densities of the various layers is fundamentally that 
d-eloped by Breit and Tuve [l] 1 , with numerous modifications 
ic allow for automatic registration and for variation of the radio 
requency over an extensive band [ 2 , 3 , 4 ]. The apparatus consists of 
a radio transmitter, receiving set, and recording oscillograph. The 
lansmitter and receiving set are always in tune with each other, and 
neir frequency is changed continuously over the band. Instead of 
laving the transmitter emit a continuous wave, the emission is broken 
up into a series of short pulses of about 10 " 4 second duration. For 
each P u lse transmitted the receiving set receives one pulse directly 
an , at short intervals of time later, others which have been reflected 
rom the ionosphere layers. These time intervals give a measure of 
e heights reached m the ionosphere. The function of the recorder is 
o register these time intervals automatically so that a continuous 
record ot heights of the ionosphere layers may be obtained. The low- 
requency waves are m general returned from a lower layer where the 
density oi ionization is low. As the frequency is increased, the waves 
penetrate farther into the lower layer until a certain critical frequency 
is reached. As the frequency is further increased, the waves pass 
hrough the lower layer and are reflected from the next higher and 
more intensely ionized layer, and so on. Every layer has a character¬ 
istic critical frequency from which its maximum density of ionization 
may be computed [5]. If the frequency is increased to a high enough 
vafue, the waves will pass through the highest and most intensely 

1 Figures in brackets indicate the literature references at the end of this paper. 
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ionized layer and will not return to earth. With a sufficient knowledge 
of critical frequencies and virtual heights of the various layers, it is 
possible to interpret and predict certain characteristics of long-distance 
radio transmission. The large changes in these quantities with time 
of day, with season, and with phases of the sunspot cycle have already 
been studied in considerable detail [6]. With the field apparatus it is 
possible to study one more variable, that of geographical position, in 
more detail. 


II. TRANSMITTER 

The transmitter is composed of two units, each complete with a set 
of tubes and arranged for sweeping through two frequency bands. The 
limits of the four frequency bands are as follows: Band 1, 790 to 1,620 
kc/s; band 2, 1,620 to 3,340 kc/s; band 3, 3,340, to 6,730 kc/s; band 4, 
6,730 to 14,000 kc/s. Switching from one band to another is ac¬ 
complished by relays. Each band requires three cams for operating 
the tuning condensers. Cams for the power amplifiers of bands 1 and 
2 are shown in figure 2. The two transmitter units are contained in 
the central and right-hand sections shown in figure 1. The left-hand 
section contains the recorder. 

Figure 3 is a simplified circuit diagram of one of the four bands of 
the transmitter with switching relays omitted. It will be noted in 
this figure, as well as in the complete block diagram of the system 
shown in figure 4, that the output frequency of the transmitter is 
always the difference between a fixed frequency, j IF , and a variable 
frequency, j vo . This circuit arrangement was devised [7] in order 
to maintain the receiving set always accurately in tune with the 
transmitter. The fixed, or IF , oscillator is set at a value equal to 
the intermediate frequency, j IFl of the receiving set. This oscillator 
operates only during the time of each short pulse. During this 
time, its output is mixed with the variable oscillator frequency, jvo 
in the converter circuit shown at the left of figure 3. Thus, with the 
plate circuit of the converter tuned to j vo —f IF , the difference frequency 
will be impressed on the grids of the power amplifier tubes and will 
be amplified and emitted from the antennas. It will be noted that 
^he variable oscillator utilizes the screens of the converter tubes 
while the fixed frequency, f IF , is applied to the suppressors. 

During the time of the pulse, j vo — j IF will also be impressed on the 
grids of the first detector of the receiving set. After the end of the 
pulse, l. e., after the intermediate frequency oscillator stops, the tuned 
antenna and plate tank circuit of the transmitter power amplifier 
provide preselection # tuning for the returning echoes. The signal 
voltage of the returning pulse energy is applied through the coupling 
condensers to the control grids of the first detector. Although the 
transmitter output is cut off with the stopping of the IF oscillator 
the variable oscillator runs continuously, so that j vo is always applied 
to the suppressor grids of the first detector. With the two frequencies 
Jvo—hr and j VOy applied to the first detector and with the plate circuit 
tuned to f IF , a voltage at this frequency will be applied through the 
transmission line to the IF amplifier. Thus, if the IF oscillator is 
always tuned to the same frequency as that of the IF amplifier 
the receiving set is automatically locked in tune with the transmitter’ 

Ihe rate of change of frequency is chosen so that the logarithm of 
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the frequency is proportional to time. With a pulse rate of 20 per 
second, the increment of frequency between pulses ranges from about 
2 kc/s at the lower frequencies to 38 kc/s at the higher frequencies 
Since the variable oscillator frequency is changing continously, the 
receiver will be slightly detuned at the time the signal returns from 
he ionosphere. However, even at high frequencies, where the rate 
oi change is greatest the receiver is detuned by only about 2 kc/s 
tor signals returning from a virtual height of 400 1cm. 

III. ANTENNA SYSTEM 

,.Jf our ^.~kyP e antennas are used, each antenna serving for two 

different frequency ranges. Each is used first in the h-wavelength 

range, and later in the %-wavelength range. Table 1 indicates the 
ranges for each antenna. 


Table 1 . —Antenna frequency ranges 


Antenna number 

Y\ wave¬ 
length for— 

% wave¬ 
length for— 

Frequency ranges 
for which used 

1 . 

kc/s 

kc/s 

kc/s 

2 .... . 

7UU 

i aaa 

2, 100 

3,000 

AAA 

/90 to l f 130 
1, 620 to 2, 3.50 

3._.. 

I, CHIU 

O AAA 

1,130 to 1, 620 
2, 360 to 3, 340 

4 __ 

6, UUU 

A OAA 

9, 000 

3, 340 to 4, 810 
6, 730 to 9, 770 


% oUU 

12, 900 

4, 810 to 6, /30 
9, 770 to 14, 000 


Tap switches attached to the camshaft are used to tune the antennas 
in the manner indicated at the top of figure 3. In the ^-wavelength 
range condensers only are used, whereas in the %-wavelength range 
both inductances and condensers are used. The switch arms, con¬ 
tacts, and slip rings for bands 1 and 2 are shown at the top of figure 5. 

^ an t ,enn °-s are supported by guyed bamboo masts, each made 
up oi three 12-foot sections. The arrangement as set up in the field 
is shown in figure 6. 


IV. PULSING CIRCUIT 

P u J s mg voltage used to control the intermediate-frequency 
oscillator is generated by the discharge of a condenser through a grid- 
controlled Thyratron type 884 tube. Synchronization of the pulse 
with the rotation of the recorder mirror is obtained by means of a 
permanent magnet attached to the mirror shaft, with its magnetic 
axis perpendicular to the axis of rotation. An earphone with cover 
an laphiagm removed is supported near the rotating magnet, so 
lat as the magnet passes the pole piece of the earphone, a voltage 

1S I?. i m c ?d. The magnet is attached to the mirror 
shait so that only one of its poles comes near enough to the earphone 
to induce an appreciable voltage. T$y shaping the pole of the rotating 
magnet and properly placing the earphone, a short pulse of about 

lUO-volts amplitude can be produced for controlling the discharge 
of the 884 tube. 

Figure 3 shows that condenser Ci becomes charged through resistors 
Kl and K 2 . The bias voltage on the grid of the 884 tube is adjusted 
































Figure 6. Equipment os installed in the field , showing arrangement of bamboo 

masts and antennas. 
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so that the condenser C\ can discharge only when the synchronizing 
pulse is induced in the earphone. The network CiR 2 , C 2 R 3 was sug¬ 
gested by N. Smith to aid in producing a pulse more nearly rectangular 
in shape than could be obtained with a simple resistance-capacitance 
circuit. The solid curve of figure 7 (A) represents the voltage applied 
to the grid of the 6J7 tube when condenser C x of figure 3 discharges. 
For comparison, the dashed curve represents the voltage applied to 
the grid of the GJ7 tube if C 2 and R 3 are eliminated. In figure 7 (B) 
the solid line indicates the shape of the pulse formed as the 6J7 plate 
current varies from saturation to cut-off. The dashed fine shows the 




Figure 7. —Graphs showing variations in pulsing circuit. 


dischiu-ges. SOliCi CUFVe Sh ° WS the Voltage appIied to the of th e GJ7 tube when condenser C,, figure 3, 

res^tor d « 3 h wer^ehm£a^! he V< * tage whIch W0Uld be applied to the 8™ of the GJ7 if condenser C 2 and 
^71 6 c??Ii d i lino s £ ows 15° sl l ape of , the pulse formed as GJ7 plate current varies from saturation to out off 

elSnatfd ^ Sh ° WS the Shape ° f pulse which would bt; “ condenser ^ and re^is^Twe?e 


shape of the pulse which would be formed if condenser C 2 and resistor 

• 3 m Gre e i TA mt ?- d - 14 can b e shown that the best shaped pulse 
is obtained if the time constant C,R 2 is equal to C 2 R 3 and if R 3 is large 

compared with R 2 In practice, however, either time constant may 

5?“ as i 0 t AT S ^ he 0th ? r r th °ut seriously affecting the 

shape of the pulse. Therefore, only R 2 is varied when adjusting the 

duration of the pulse. Somewhat better control of the duration would 

be uslI ?g ganged rheostats, or a step-by-step aiTangement 

so that both R 2 and R 3 could be adjusted simultaneously with a single 
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The variations shown in figures 7 (A) and 7 (B) occur each time the 
magnetic synchronizer starts a discharge through the 884 tube. The 
voltages and load of the 6J7 are adjusted so that plate current satu¬ 
ration occurs with about minus 1 volt on the grid and cut-off with 
about minus 6 or 7 volts. When the 6J7 tube is drawing saturation 

nf r tt nt ’rp e voltage across the 50,000-ohm resistor prevents operation 
ol the IF oscillator. During the time of the pulse, the 6J7 tube 
draws no plate current, and the 50,000-ohm resistor then acts as the 
grid resistor of the IF oscillator. The tank circuit of the oscillator 
is loaded by means of a resistor, in order to damp out the oscillations 
more rapidly when the plate current of the 802 is cut off. 

■ , .y indicated with the pulsing circuit is used for transmitting 
identifying call letters and for testing purposes. 


V. RECEIVER 

Preselection tuning and operation of the first detector are described 
above, Ih e IF portion of the receiver is a conventional transformer- 
coupled amplifier. The transformers are slightly overcoupled to 
produce a broad resonance peak. It has been found that a band 
width ot about 10 kc is a satisfactory compromise between a wide 

and tor faithful response to pulse signals and a narrow band for 
less interference from noise. 

audio portion must meet two rather rigid requirements: (1), 
a wide band (up to 10,000 cycles); and (2) quick recovery from signals 
other than pulse signals, as well as from exceedingly strong pulse 
signals. Resistance-capacitance coupled stages were used in pre¬ 
liminary tests but were found to block for a serious time interval when 
ieceivmg a carrier. Replacement of the resistance-capacitance 

coupling by high-fidelity audio transformers was found to improve 
results considerably. 

One of the desired chracteristics of the output circuit is that the 
output be limited so that all pulse signals above a certain level will be 
impressed on the oscillograph with the same amplitude. This is ac- 
comphshed by applying the signal to the grid of the output tube in 
such a way that a predetermined signal level just cuts off the plate 
current. Therefore, no greater variation in plate current can be 
produced by any signal. The variations in plate current are trans¬ 
ferred to the low impedance oscillograph through a high-fidelity 
matching transformer. 


VI. RECORDER AND CONTROL EQUIPMENT 

The recorder is identical in principle with the one previously de¬ 
scribed in detail [2]. A Duddell galvanometer-type oscillograph is 
used with a rotating mirror to record the time between the emission 
of the pulse and the reception of the echo. Through the use of proper 
lenses and masks, the direct pulse and each of the reflections pro¬ 
duce traces on the photographic film or paper moving slowly parallel 
to the axis of the rotating mirror. Since the magnetic synchronizer 
described above is on the same shaft with the mirror, the direct pulse 
always occurs when the mirror is in the same position. Hence the 
direct trace is a straight line, whereas the traces for the echoes vary 
^ Position, depending on the virtual height of the reflection point. 
I he recording film or paper is moved at a constant speed, and the 
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Sam/tie record made with portable apparatus , September 27 , U)J,t 
’• "*•, Pat os, Brazil , latitude 7° P S., longitude 37° 17' IF.’ 
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Figure 9. — Recorder. 
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Figure 10. 


Interior of trailer, showing transmitter as installed for both transporta- 

lion and operation. 

The receiver and power supplies are contained in the black box at left. 
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record can therefore be calibrated in terms of frequency versus virtual 
height. 

In previous recorders, photographic paper has been used, permitting 
direct measurements without enlargement. For several reasons, 
however, it was decided to use 35-inm motion-picture film with the 
present equipment. In this manner the recorder itself was made 
smaller; less storage space, both for unexposed film and for completed 
records, was required; developing and handling equipment was much 
more compact. Furthermore, it was found that positive film of the 
type used for sound recording could be used quite satisfactorily. 
Since this film actually costs less per foot than larger paper, and since 
many more records can be made satisfactorily per foot on 35-mm film 
than on large paper, the operating costs were greatly reduced. An¬ 
other factor was the availability of standard parts for the construction 
of camera and recorder as well as equipment for development and 
handling. Finally, it was desired to make preliminary experiments 
on the idea of recording ionosphere phenomena for projection as a 
moving picture. 

It is quite important to have the time at which each record was 
made marked on the film with the associated record. In the present 
equipment an image of a drum-dial synchronous clock is exposed on 
the film for each record by a solenoid-operated shutter. 

The complete record with associated time mark occupies two 
standard motion-picture frames, i. e., 1 by 1inches. The frequency 
scale from 790 to 14,000 kc/'s covers about 1% inches and the time 
mark about % inch. Virtual heights of more than 1,000 Ion can be 
recorded across the width of the film. Figure 8 shows the arrange¬ 
ment of the record on the film. A small projector of the type used 
for projecting double-frame miniature camera transparencies is used 
for measuring and studying the records. 

In previous recorders, separate motors have been used to drive the 
film, to rotate the mirror and synchronizing device, and to drive the 
transmitter tuning camshaft. This recorder uses only one motor, 
which performs all three functions through an appropriate gear box! 
This simplifies the control mechanism and helps to reduce the size, 
weight, and power consumption. 

For the control of a self-contained system, an independent means 
of accurately timing the sequence of switching is required. For this 
purpose, a 60-cycle voltage is produced by a precision tuning fork. 
This voltage is amplified sufficiently to operate two s3mchronous 
clock motors. Both the tuning fork and the amplifier are designed 
to operate from the primary 32-volt d-c power source. One motor 
drives the time-marking clock mentioned above. The other drives 
a series of contactor cams, which provide for 2, 4, 20, or 60 complete 
records per hour. The accuracy of the frequency generated bv the 
fork is such that during a week’s operation in the field the clocks 
drifted less than 20 seconds from correct time. Figure 9 is a close-up 
view of the recorder unit showing the camera, contactors, time-mark¬ 
ing clock, etc. Figure 1 shows the position of the recorder in relation 
to the transmitter. 

In addition to the clock contactors, there are several contactor cam^ 
on the transmitter camshaft, which control the sequence of opera¬ 
tions, such as turning on and off the high voltages, switching bands" 
marking the time on the record, etc. ’ 
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VII. POWER 


The primary source of power is a gasoline-engine driven generator 
producing 32 volts with a capacity of 28 amperes. This is used to 
chaige two J>anks of automobile-type storage batteries. A small 
high speed, 750-watt rotary converter is used to generate 115 volts at 

^ ®y® les , om 32-volt supply. The converter is provided with a 
centrifugal governor controlling the field current to maintain the 
frequency constant to cycle. Since speed is controlled by vary- 
] ng the held, the voltage regulation is poor. Hence it was found 
advisable to use a constant-voltage transformer. 

t T A ie l lse °r batteries has several advantages to compensate 

lor the loss of efficiency and added weight. One important advantage 
is dependability. Failure of a mechanical source of power during an 
eclipse, for example, would be serious, if batteries were not floating 
on the line for standby. Constancy of voltage is another factor. 
Although the voltage drifts considerably during the discharge, it is a 
gradual change and is not subject to sudden periodic surges, as would 
be the case with a reciprocating engine. 

It.is expected that the equipment can be operated continuously, 
making a record every minute for about 4 hours without recharging 

th ^ tte ? eS ' •y running the gasoline-engine generator in parallel 
with the batteries, it should be possible to operate continuously for 
about 10 hours. By making only one record every 3 minutes, the 
ol operation on batteries alone may be greatly extended, and 
with the gasoline engine, the supply of fuel becomes the limitation. 

I he complete equipment is arranged for transport in a trailer and 

towmg truck. The transmitter is mounted through rubber to the 

Irame ol the trailer and is both transported and operated in the 

position shown m figure 10. Auxiliary equipment is packed in boxes 

and may be transported completely in the truck and trailer. During 

operation the gasoline-engine generator, converter, batteries, and 

tuning equipment are placed at a distance of about 200 feet from the 
trailer. 


tl] 

[2] 
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DEVELOPMENT OF TEXTURE IN COPPER BY COLD- 

ROLLING 


By Herbert C. Vacher 


abstract 

The structural changes occurring in one poly crystalline and in live monocrys¬ 
talline specimens as they were cold-rolled from i- to 0.005-inch thickness were 
studied largely by X-ray diffraction methods. A pole-figure of the polvcrystalline 
specimen after 99.5-percent reduction indicated twin 110-112 and twin 112-111 
orientations as the preferred orientations of severely cold-rolled copper. The 
macrostructure of cross sections of monocrystalline specimens, after increasing 
reductions, showed that in some specimens two or three distinct layers were 
developed whose boundaries were approximately parallel to the rolling plane. 
Changes in orientation showed that the lattices of adjacent layers of a mono¬ 
crystalline specimen rotated in opposite directions around axes nearly parallel to 
the transverse direction to positions approximating two of five intermediate ori¬ 
entations. Orientations present after 99.5-percent reduction indicated that the 
five intermediate orientations were in the process of being changed to twin 110-112 
or twin 112-111 orientations. 
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I. INTRODUCTION 

Metallographic examination of polycrystalline copper that has been 
cold-rolled shows that, in general, the grains are elongated in the rolling 
direction, shortened in the normal direction, and almost unchanged 
in the transverse direction. Thus, the shape of a grain is oriented in 
respect to the principal directions of the strip. X-ray diffraction 
patterns of sections of rolled copper strip indicate that simultaneously 
with the change in shape of the grains there is a rotation of the crys- 
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tal lattices so that they approach or attain preferred orientations in 
respect to the principal directions of the strip. This oriented struc- 
tiire of the shape of grains and crystal lattices is called texture. 

ihe preferred orientations are determined from stereographic dia- 
grams called pole-figures, which show the prevailing arrangement of 
normals to a particular family of crystallographic planes, such as the 
cubic or octahedral planes. Schmid and Staffelbach [1] 1 concluded 
from pole-figures of normals to the cubic and octahedral planes that 
there is only one preferred orientation in severely cold-rolled copper 
this condition being defined when the [110] axis is parallel to the nor¬ 
mal direction and the [112] axis is parallel to the rolling direction 2 
A twm to this orientation, however, is indicated by the pole-figures of 
Schmid and Staff elbach. They undoubtedly considered the twin 
orientation in making their conclusion. It appears then that cold- 
rolling causes the lattice to rotate toward one of two preferred orienta¬ 
tions having a twin relationship. 

The texture of severely cold-rolled copper is similar to the texture of 
other face-centered cubic metals and alloys, such as aluminum, nickel 
and alpha brass. This similarity of textures has led to the belief 
that during cold-rolling the lattices of all face-centered cubic metals 
approach the same preferred orientations. Investigations [2, 3, 4] 
contributing information on the development of textures have indi¬ 
cated that preferred orientations not included in the texture of all 
face-centered cubic metals are sometimes attained. The purpose of 
the present investigation was to determine whether or not these 
orientations can be considered as transient or intermediate in the 
development of a severely cold-rolled texture in copper. This was 
done by cold-rolling relatively large monocrystalline specimens of 
copper and determining the structure after different degrees of cold 
work with the usual metallographic and X-ray methods. 


1. PREPARATION, COLD-ROLLING, AND METALLOGRAPHIC EXAM¬ 
INATION OF MONOCRYSTALLINE SPECIMENS 

A charge of 4 J 2 to 5 lb of tough-pitch electrolytic copper was melted 
in a graphite crucible to produce an ingot 1% in. in diameter and 6 in. 
in length with the lower end tapered to a point. The melting was 
done in an Arsem vacuum furnace and the molten metal allowed to 
freeze slowly. This procedure [5] results in a monocrvstalline ingot 
when the crucible is placed in the furnace so that the freezing begins 
at the pointed end and proceeds toward the top end. Ten mono- 
crystalline ingots were made, and a typical monocrystalline ingot is 
shown in figure 1 ( A ). 

The initial orientation of each of the 10 monocrystalline ingots was 
determined, using Greninger’s back-reflection method [6], and, on the 
basis of these results, five different orientations were selected. A 
specimen was prepared from each of the five monocrystalline ingots 
by machining off its sides so as to produce two parallel surfaces, 1 in. 
apart, as is shown in figure 1 ( B ). The orientation of each of the five 

1 Figures in brackets indicate the literature references at the end of this paper. 

2 Throughout this paper, orientations in respect to the rolling plane and direction are defined by stating 
first the crystallographic axis which is parallel to the normal direction and then the crystallographic axis 
which is parallel to the rolling direction; thus the above orientation would be written as 110-112. 
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monocrystalline specimens was determined accurately, and these 
orientations are shown on a stereographic diagram, figure 2, by the 
locations of the principal directions of each specimen in respect to the 
octahedral, dodecahedral, cubic, and icositetrahedral axes of a cubic 
crystal. The angular values for the initial orientations with respect 
to the [0101 axis and (010) plane are given in table 1. The principal 
directions, X , Y f and Z, of the monocrystalline specimen coincide 
with the normal, rolling, and transverse directions, respectively, of 
the same after rolling—all rolling being done in one direction. 

The monocrystalline specimens were cold-rolled to a final thickness 
of 0.005 in., care being taken always to keep the same side up and to 



Figure 2. —Stereographic diagram showing locations of principal directions of 

mono cry stalline specimens in respect to crystallographic axes. 

enter the same end between the rolls during the entire reduction. 
The rolling was accomplished with a 16-in. diameter, two-high rolling 
mill operating at a speed of 50 to 80 rpm. This corresponds to a 
linear rolling speed of 3.5 to 5.6 fps. The reduction in thickness 
during each pass was from 0.03 to 0.05 in. Samples were cut from 
the end, first to enter the rolls, after each reduction of 0.15 in. until 
the thickness was 0.10 in. The specimens, after reduction to 0 10- 
in. thickness, were cold-rolled to thickness of 0.005 in with a 5-in 
diameter, two-high rolling mill operating at a speed of 50 rpm cor¬ 
responding to a linear travel of 1.1 fps. Similar samples of the’strin 
of this thickness were cut from the end first to enter the rolls. 

Metallographic examinations were made of polished and etched 
surfaces to show the structure of cross sections of the specimens at 
Y* m. or more from the end first to enter the rolls. Samples represent- 
mg 15-, 30-, and 45-percent reduction in thickness were photo¬ 
graphed at a magnification of approximately 1K diameters under 
oblique lighting. The source of light was an open window, the sample 
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being tilted at the angle that revealed the structure best. These 
photographs are shown in figures 3, 4, and 5. They are arranged 
in order of increasing reduction, and the upper edge in each case 
corresponds to the top rolling plane. 

2. DETERMINATIONS OF AVERAGE ORIENTATIONS AFTER 

REDUCTIONS OF 90 PERCENT AND LESS 

Diffraction patterns of a monocrystalline specimen after different 
degrees of cold-rolling show a gradual transition from a Laue pattern 
to a pattern consisting of arcs, characteristic of a severely cold-rolled 
polycrystalline specimen. The patterns indicate that the original 
crystal has broken into small fragments, known as crystallites. In 
small portions of the deformed specimen, the orientations of the 
crystallites diverge from a single “average” orientation that may 
differ from the specimen’s initial orientation. The divergence in 

orientations of the crystal- 
X- normal lites increases as the degree 

I irec ion / of co ld-rolling increases, and 

/ Y- rolling different portions of the spec- 

/ pv. * direction imen may show different 

Z j average orientations. The 

determination of average ori- 
entation at different locations 
l A /\ therefore can be used as a 

/ I means of surveying the con- 

J tinuity and changes in posi- 

/ fv. 1 / tion of lattice structure, as- 

/ j suming that agreement means 

Y / ^ x continuity, although actually 

Z- transverse the lattice is badly distorted 
direction by the irregular ahnement of 


Y- rolling 
direction 


r/ i 


direction by the irregular alinement of 

Figure 6. The locations of the A, B, and C crystallites. A survey of this 

areas on the polished surf ace of a typical sample kind was made of the five 

used for metallographic examination. . . P 

monocrystalline specimens ol 

copper after 15-, 30-, 45-, and 90-percent reductions. 

The method of surveying the cold-rolled specimens after reductions 
of 45 percent or less was as follows: in the section XX '— ZZ', back- 
reflection X-ray patterns were made using molybdenum radiation of 
three locations, A, B, and C, in the line AT— X', as shown in figure 6. 
The average orientations indicated by these patterns, as well as the 
orientations of the undeformed specimens, then were plotted, by the 
location of octahedral poles, on stereographic diagrams, figures 7 and 
8 , using the XX' — ZZ' planes as projection planes. Thus the position 
of the lattice at the C location, on specimen 3, after 30-percent 
reduction is designated as the “3-30C position.” The procedure used 
for determining the average orientations has been described and 
photographs of similar patterns have been shown in a previous 
publication [7], 

The method, described above, of surveying the continuity of lattice 
structure was modified slightly so as to apply to specimens after 
90-percent reduction. After 90-percent reduction, average orienta¬ 
tions could be determined better from diffraction patterns of small 


Journal of Research of the National Bureau of Standards 


Research Paper I 385 



Figure 1 . — Monocrystalline copper. 

A, ingot, one-half actual size; surface view, with tapered end separated from body of ingot. B. specimen, 

one-half actual size; top view, showing machined surface. 
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Figure 5.— J\ lac restructure of monocrystalline copper after 15 -, 30-, and 55-percent 

reductions. 

Approximately XI l A . Cross sections: A, specimen 8; B, specimen 6. Etched with 10 -percent ammonium 

persulfate. 
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Figubb 7. Stereographic diagrams showing initial orientations and positions of 
the lattice after 16 -, 80-, 4o-, and 90-percent reductions of specimens 9 and 2 . 


areaslocated on the top and bottom rolling planes rather than on the 
hne X X , as shown in figure 6. The locations on the top and bottom 
rolling planes are referred to as A and C, respectively, because of their 
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Figure 8. —Stereographic diagrams showing initial orientations and positions of 
the lattice after 15 -, SO-, 45-, and 90-percent reductions of specimens 8, 3, and 6. 


proximity to corresponding A and C locations on the XX' ZZ 
sections. Diffraction patterns of the A and C locations after 90- 
percent reduction consisted of long diffuse arcs, thereby making it 








impossible to determine the average orientation from a single pattern 
as was done for reductions of 45 percent and less. 

The procedure used for determining the average orientations at 
different locations on specimens after 90-percent reduction is given 
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by describing tbe determination of the 9-90A and 9-90C positions. 
The arcs shown on the stereographic diagram of figure 9 ( A ) represent 
the intensity maxima in the 222 and 311 rings of a set of nine back- 
reflection patterns obtained with iron radiation. A similar set is 
represented in figure 9 (B). Each set included one made with the 
X-ray beam normal to the rolling plane and eight with the beam 
inclined at 30 degrees to the rolling plane, the sample being rotated 
through 45 degrees for each successive pattern. Before making the 
patterns, a layer about 0.001 in. in thickness was dissolved from the 
rolled surfaces of the sample. The purpose of this treatment was 
to remove the disturbed layer produced by the rough finish on the 
rolls, which shows itself in diffraction patterns as diffuse rings of 
uniform density. It can be seen from these diagrams that the area 
corresponding to diffractions from a particular (111) or (311) plane 
is large and equivalent to lattice rotations of 10 to 15 degrees from 
selected positions. The 111 and 311 poles of the selected positions 
are shown as solid triangles and circles, respectively. These selected 
positions (9-90A and 9-90C) are considered as being the average 
orientation of the crystallites and approximate the 110-001 and 
112-111 orientations, respectively. In a similar manner the average 
orientations were determined for other cold-rolled specimens and are 
plotted by location of 111 poles, on the diagrams showing tbe average 
orientations after reductions of 45 percent and less, figures 7 and 8. 

3. CONSTRUCTION OF DIAGRAMS SHOWING ORIENTATIONS 

PRESENT AFTER 99.5-PERCENT REDUCTION 

Diagrams similar to those of figure 9 indicated that the divergence 
of the orientations of crystallites after 99.5-percent reduction was too 
great to permit separation of diffractions representing different 
octahedral planes. This made it impossible to determine the average 
orientation at different locations on the deformed specimen. It 
is very probable, however, that diagrams of this kind may indicate a 
transitory stage between the average orientations determined after 
90-percent reduction and the preferred orientations of severely cold- 
rolled poly crystalline copper. In order to determine if this is true, 
stereographic diagrams, shown in figure 10, were constructed to show 
the following: (1) the 111 poles of the 90A and 90C positions; (2) 
maximum divergence of 111 poles of crystallites in cold-rolled copper 
after 99.5-percent reduction; (3) arcs representing intensity maxima 
in 111 and 222 rings obtained from molybdenum and iron radiations, 
respectively, of initially monocrystalline specimens after 99.5-percent 
reduction. 

(a) POLYCRYSTALLINE COPPER 

Pole-figures representing the orientations of crystallites in poly¬ 
crystalline metals after different degrees of rolling show that the 
divergence of orientations is less when the degree of rolling is more. 
A pole-figure of poly crystalline copper that had been subjected to 
the same degree of cold-rolling as the initially monocrystalline speci¬ 
mens therefore is necessary in order that the maximum divergence of 
111 poles of crystallites may be located accurately on the diagrams 
shown in figure 10. 

A piece of oxygen-free hot-rolled copper, 3 1 by 4 by 8 in., served as a 

* The oxygen free copper was "Oxygen-Free-High-Conductivity” copper obtained from Revere Copper 
& Brass, Inc. 
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Figure 10 .—Summary stereographic diagrams. 

These diagrams show the 111 poles (open triangles) of the 90A and 90C positions, maximum divergence 
(dashed lines) of 111 poles of crystallites in cold-rolled copper after 99.5-percent reduction, arcs repre¬ 
senting intensity maxima in 111 and 222 rings obtained from molybdenum and iron radiations, respec¬ 
tively, of initially monocrystalline specimens after 99.5-percent reduction. 
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polycrystalline specimen. This was cold-rolled in the same manner 
as the monocrystalline specimens to a thickness of 0.005 in. (99.5-per¬ 
cent reduction). Samples of this material were then treated with 
diluted nitric acid to remove the outer layers and to reduce the thick¬ 
ness to 0.002 to 0.003 in. These samples were used to obtain diffrac¬ 
tion patterns representing different positions of the sample in respect to 
the X-ray beam. Molybdenum radiation was used. 

The pole-figure shown in figure 11 was constructed from intensity 
maxima which appeared in the 111 ring as short arcs. No attempt 
was made to indicate areas corresponding to the less intense diffrac¬ 
tions which connected the short arcs on some patterns. The shaded 
areas on the pole-figure, figure 11, are the areas which include nor¬ 
mals corresponding to the short arcs. Since it is difficult to determine 



Figure 11. — Pole-figure of poly crystalline copper after 99.6-percent reduction by 

cold-rolling . 

Shaded areas show divergence of 111 poles of crystallites. Triancles containing circles and triangles not 
containing circles are 111 poles of the twin 112-TIl and twin 110-112 orientations, respectively. 

the extent of the shaded areas near the X pole when molybdenum 
radiation is used, this portion was determined by diffractions in the 
222 ring from iron radiation. _ 

The octahedral poles of the 110-112 orientation were plotted on the 
pole-figure (fig. 11) showing the divergence of 111 poles of crystallites 
in poly crystalline copper after 99.5-percent reduction and are shown 
as circumscribed open triangles. The 111 poles of a twin of this 
orientation were plotted also and are shown as circumscribed filled 
triangles. The twin orientation is equivalent to a rotation of 60 
degrees around the transverse direction. In addition to the 111 
poles of these orientations, the 111 poles of the 112—111 orientation 
and of a twin were plotted, and are shown as triangles enclosing a 
circle. The twin orientation is equivalent to a rotation of 60 degrees 
around the rolling direction. From the evidence summarized in this 
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diagram, it was concluded that the preferred orientations of severely 
cola-rolled polycrystalline copper are twin 110-112 and twin 112-111 
orientations. 

(b) MONOCRYSTALLINE COPPER 

Transmission and back-reflection diffraction patterns from molyb¬ 
denum and iron radiation, respectively, were obtained from small 
areas on samples of the initially monocrystalline specimens. The 
samples were initially etched slightly with diluted nitric acid to remove 
the surface layers, whose structure is not always representative of the 
rolling process. Each pattern represented a different position of the 
sample in respect to the X-ray beam. Arcs representing intensity 
maxima in the 111 ring from molybdenum radiation and in the 222 
ring from iron radiation are shown in the stereographic diagrams of 
figure 10. The back-reflection patterns from iron radiation are 
caused by crystallites near the surface, whereas the transmission 
patterns from molybdenum radiation are caused by crystallites 
making up the body of the sample. Therefore, the patterns from iron 
radiation indicate changes in the 90A or 90C positions and the patterns 
from molybdenum radiation indicate changes in the 90A and 90C 
positions. The triangles in the diagrams of figure 10 are 111 poles 
corresponding to the 90A and 90C positions, and the dashed lines 
correspond to the shaded areas in figure 11. 

III. RESULTS 

Specimen 9. —The initial orientation of this specimen was such that 
the angle between an octahedral plane and the rolling plane was about 
3 degrees and between an octahedral axis and the rolling direction 
about 20 degrees. 

The macrostructure of cross sections of specimen 9, figure 3 (^4), 
shows that rolling caused bands to develop within the metal. These 
bands were easily identified and occupied nearly the same relative 
cross-sectional areas after 60- and 75-percent reduction. After 90- 
percent reduction, the macrostructure was similar to that after smaller 
reductions, but the bands could not be identified with certainty. 
Therefore it can be concluded that these bands represent layers with 
the boundary between them nearly parallel to the rolling plane, during 
moderate reductions (75 percent). 

After 15-percent reduction (9-15A and 9-15B positions, fig. 7) the 
lattice of the upper layer had rotated anticlockwise 4 about 15 degrees 
around an axis approximately parallel to the transverse direction, 
whereas the lattice of the bottom layer (9-15C position) had rotated 
clockwise about 8 degrees around the same axis. It is evident, there¬ 
fore, that the initial 15-percent reduction by cold-working caused 
specimen 9 to divide into two layers differing in orientation by a 
rotation of 23 degrees about an axis approximately parallel to the 
transverse direction. 

Further reductions, 30, 45, and 90 percent, by cold-rolling continued 
the rotation of the lattice of the upper layer until the cubic axis, whose 
locations are shown in figure 7 as filled circles, was approximately 

f mrallel to the rolling direction. Likewise, the lattice of the bottom 
ayer continued to rotate until an octahedral axis was approximately 

* The position of an axis of rotation for a clockwise (positive) rotation and anticlockwise (negative) 
rotation is with the negative pole toward the eye of the observer. 
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parallel to the rolling direction. Therefore, after 90-percent reduction 
by cold rolling, specimen 9 consisted of two layers, the orientation of 
one of which corresponded closely to the 110-001 orientation and of 
the other to the 112-111 orientation. 

Orientations of the crystallites, as indicated by diffractions from 
octahedral planes (diagram 9-995, fig. 10),in specimen 9 after 99.5- 
percent reduction included the twin 110-112 orientations as well as 
those represented by the 9-90A and 9-90C positions. The long arcs 
near the circumference of the diagram indicated intermediate orienta¬ 
tions. It appears, therefore, that further cold-rolling after 90-percent 
reduction caused specimen 9 to attain orientations similar to those 
present in severely cold-rolled polycrystalline copper. If rolling 
could be continued indefinitely, all orientations not included in the 
cold-rolled texture would presumably disappear. 

Specimen 2 .—The initial orientation of this specimen was such that 
the angle between a cubic plane and the rolling plane was about 40 
degrees and between a cubic axis and the rolling direction about 20 
degrees. 

The macrostructure of specimen 2 after 15-, 30-, and 45-percent 
reductions, figure 3 ( B ), was similar to the top layer of specimen 9 
after corresponding reductions. The initial orientation of specimen 
2, figure 2, corresponded approximately to the 110-001 orientation. 
This orientation has a TlO axis parallel to the Z direction. It is note- 
worthy that the traces of two octahedral planes which make acute 
angles with the transverse direction (Z-Z) correspond approximately 
to the slopes of the wavy lines seen in the macrostructure of specimen 
2 and in the top layer of specimen 9. 

Cold-rolling, producing an initial reduction of 15 percent (2-15A, 
2-15B, and 2-15C positions, fig. 7), caused the lattice of the specimen 
as a whole to rotate around an axis nearly parallel to the transverse 
direction. After 30-percent reduction the condition was approxi¬ 
mately the same as in the top layer of specimen 9. An increase in 
reduction to 90 percent caused little change from the lattice positions 
after 30-percent reduction. During the 90-percent reduction the 
changes in the position of the lattice did not proceed along great 
circles to a closer approximation of the 110-001 orientation as ex¬ 
pected. The changes brought the lattice to a closer approximation of 
the 110-001 orientation only insofar as it could be accomplished by a 
rotation about an axis approximately parallel to the transverse 
direction. 

Diffraction data representing the metal after 99.5-percent reduction, 
obtained from small areas in the top and bottom rolling planes, 
respectively, could be represented by two average orientations in the 
top plane and by one in the bottom plane, the latter one being the 
same as one of the average orientations in the top plane. An inspec¬ 
tion of the summarizing diagram (diagram 2-995, fig. 10) shows that 
the 111 poles of these orientations (circumscribed triangles) nearly 
correspond to the twin 110—112 orientations. The diagram as a 
whole indicates that further cold-rolling after 90-percent reduction 
caused the lattice of certain layers (2-90A position) to rotate anti¬ 
clockwise while the lattice of other layers (2—90C position) rotated 
clockwise around axes nearly parallel to the normal direction. It is 
important to note that no orientations corresponding to the twin 
112—111 orientations were present. This has been interpreted as 
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indicating that further cold-rolling after the 110-001 orientation has 
been approximated will not produce the complete cold-rolled texture 
of polycrystalline copper. 

Specimen 8 .—The initial orientation of this specimen was such that 
the angle between a cubic plane and the rolling plane was about 22 
degrees and between an octahedral axis and the rolling direction about 
15 degrees. 

Cross sections of specimen 8, figure 5 (A), after 30-percent reduction 
showed bands in the macrostructure approximately parallel to the 
rolling plane. Their boundaries, however, -were too irregular to 
suggest traces of crystallographic planes. As in specimen 9, these 
bands could be identified after larger reductions and therefore can be 
considered as cross sections of layers whose boundaries were approxi¬ 
mately parallel to the rolling plane. 

During the initial 15-percent reduction (8-15A position, fig. 8) 
the lattice of the top layer of specimen 8 rotated anticlockwise about 
20 degrees around an axis nearly parallel to the transverse direction. 
This position corresponds approximately to the 100-011 orientation. 
The lattices of the central and bottom layers (8-15B and 8-15C 
positions) did not change their positions. Additional cold-rolling to 
30-percent reduction caused the lattice of the top layer to rotate 
about 12 degrees more, but after 45-percent reduction, it has appar¬ 
ently rotated back about 7 degrees. The 8-30B and 8-30C positions 
were nearly the same as the 8-15B and 8-15C positions. These 
lattice positions represent the white areas shown in the macrostruc¬ 
ture, figure 5 ( A ), which are considered as constituting the bottom 
layer. The dark area wfithin the white area had approximately the 
same lattice position as the top layer. Cold-rolling to 45-percent 
reduction caused the lattice of the portion of the bottom layer repre¬ 
sented by the 8-45B position to rotate clockwise about 5 degrees 
around an axis nearly parallel to the transverse direction (fig. 8), 
whereas the lattice of the portion represented by the 8-45C position 
rotated anticlockwise about 7 degrees. It cannot be stated with 
certainty, however, that the 8-45C position represents the bottom 
layer. Probably it represents the dark area within the bottom layer 
and thus indicates a possible lattice position of the top layer. The 
8-90A and 8-90C positions (fig. 8) approximate the 112-111 orienta¬ 
tion and are nearly twins of the 9-30C position, figure 7. It appears 
that cold-rolling to a reduction of 90 percent caused specimen 8 to 
develop layers having different lattice rotations. The lattice of the 
top layer rotated to a position approximating the 100-011 orientation, 
then rotated in the opposite direction along with the lattice of the 
bottom layer, each to a position approximating the 112-TTl orienta¬ 
tion. 

Orientations of crystallites in specimen 8 after 99.5-percent re¬ 
duction indicated (diagram 8-995, fig. 10) that orientations represented 
by the 8-90A and 8-90C positions persisted, but during the reduction 
from 90 to 99.5 percent some of the crystallites attained orientations 
characteristic of severely cold-rolled polycrystalline copper. 

Specimen 8 .—The initial orientation of this specimen was such 
that the angle between a cubic plane and the rolling plane was about 
9 degrees and between a cubic axis and the rolling direction about 9 
degrees. 
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Cross sections of specimen 3 (fig. 4) showed in the macrostructure a 
“herringbone” condition, largely confined to the sides, one side of 
the cross section being nearly a mirror image of the other side. The 
herringbone structure when fully developed (micrograph E) consisted 
of parallel bands projecting from the top and bottom rolling planes 
toward intermediate layers and from these toward the top and bottom 
rolling planes, respectively. In the fully developed stage the bands 
projecting from the top and bottom rolling planes met the bands 
projecting from the intermediate layer and the parallel bands made 
an angle of approximately 60 degrees with the rolling plane. The 
herringbone structure was very evident after 75- and 90-percent 
reductions. It appears that the herringbone structure represents 
sections of small parallel layers, whose sides increased progressively 
during reduction by rolling, from the top and bottom rolling planes 
and from the central layer of the specimen. Initially, the small 
parallel layers were nearly perpendicular to the rolling plane and 
parallel to the rolling direction, but in later stages they were inclined 
to the rolling plane but still parallel to the rolling direction. 

The bands in the macrostructure had their counterpart in the 
wrinkled surface of the ends of the rolled specimens. Figure 4 ( D) 
shows a wrinkled end of the specimen after 45-percent reduction. 
This is the reverse side of the sample whose macrostructure is shown 
by figure 4 ( C ), the two surfaces being approximately K inch apart. 
After 30-percent reduction the end was flat and perpendicular to the 
direction of rolling. Figure 4 ( F) shows the end wrinkling that 
occurred between reductions of 60 and 64 percent. Examination of 
the wrinkled surface at higher magnification (fig. 12) after 45-percent 
reduction showed, near the lower ends of the ridges, slip lines in two 
directions; but on opposite slopes of the ridges the slip lines had only 
one directkm. The two directions of the slip lines at the end of a 
ridge corresponded approximately to the directions on the two slopes 
of the ridge. These slip lines on the end surface of the specimen 
indicated that adjacent layers, shown as parallel bands in the macro- 
structure, and the portion near the sides which increased progressively 
during reduction by rolling, distorted by three different combinations 
of slip systems and therefore would approach three different orien¬ 
tations. 

Specimen 3 initially approximated the 100-001 orientation, figure 
2. Cold-rolling to a reduction of 90 percent produced little change 
in lattice position in the central portion of the specimen (fig. 8). 
The fine lines seen in the macrostructure were parallel to the traces 
of the octahedral planes, which indicated that they were formed as 
slip lines. After 99.5-percent reduction, orientations of^ crystallites 
(diagram 3-995, fig. 10) indicated that the twin 112-111, the twin 
110-1T2, and the 100-001 orientations were present. As in specimens 
9,2, and 8, the orientations present in the metal after rolling beyond 
90-percent reduction proceeded to change to orientations identified 
with the texture of cold-rolled poly crystalline copper. 

Specimen 6 .—The initial orientation of this specimen was such 
that the angle between a cubic plane and the rolling plane was about 
20 degrees and between a cubic axis and the rolling direction about 
30 degrees. 

The macrostructure of specimen 6, figure 5 ( B ), was unlike the 
structure of the preceding specimens. After 15-, 30-, and 45-percent 
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Figure 12 .—Appearance of the end first to enter the rolls, of specimen 3 after cold- 

rolling from 30- to ^5-percent reduction. 


A, X5; li, XflO. 
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reduction the specimen showed three bands in the structure, 
which persisted after larger reductions by cold-rolling. These bands 
were cross sections of layers approximately parallel to the rolling 
plane. 

Cold-rolling to 15-percent reduction changes the initial orientation 
very little (fig. 8). However, further rolling to 30-percent reduction 
caused the lattice of the top and bottom layers (6-30A and G-30C 
positions) to rotate clockwise about 15 degrees around an axis nearly 
parallel to the transverse direction. This rotation brought a cubic 
axis nearly into the rolling plane. The lattice of the center layer 
(6-30B position) rotated clockwise about 6 degrees around the octa¬ 
hedral axis in the lower right quadrant of the diagram. Further 
rolling to 45-percent reduction changed the top and bottom layers 
very little. However, the lattice of the center layer rotated 5 degrees 
more around the octahedral axis, which brought an octahedral axis 
nearly perpendicular to the rolling direction and an icositetrahedral 
axis [112] nearly parallel to the rolling direction. After 90-percent 
reduction the lattice of the bottom layer (6-90C position) approxi¬ 
mated the 100-001 orientation. Inasmuch as changes in lattice posi¬ 
tion usually show a, rotation to a preferred orientation, it is probable 
that the 6-90A position did not represent a lattice position of the top 
layer but one of the center layer and should be written as 6-90B. 
On this assumption, then, the lattice of the center layer after 90- 
percent reduction had rotated clockwise 11 degrees around an axis 
nearly parallel to the rolling direction. Continued rotation around 
the rolling direction to a position where the octahedral axis, which is 
nearly perpendicular to the rolling direction, became nearly parallel 
to the transverse direction, would approximate the 110-112 orienta¬ 
tion. The macrostructure and changes in lattice positions of specimen 
6 indicate that cold-rolling to 90-percent reduction produced layers, 
in some of which _the lattices rotated to a 100-001 orientation and in 
others to a 110-112 orientation. 

Orientations of crystallites in specimen 6 after 99.5-percent reduc¬ 
tion by rolling (diagram 6-995, fig. 10) included the twin 110-1T2 
orientations. There appeared to be very few, if any, crystallites 
having the 100-001 orientation. A small number of crystallites having 
the twin 112-111 orientations was indicated by faint diffractions on 
the patterns obtained with molybdenum radiation. The diffraction 
patterns obtained after 99.5-percent reduction from specimen 8, as 
w r ell as specimen 3, indicated that if the average orientation approxi¬ 
mated the 100-001 orientation, additional rolling would cause a small 
number of crystallites to attain the twin 112—111 orientations and a 
much larger number to attain the twin 110-112 orientations. 

IV. DISCUSSION 

1. BEHAVIOR OF MONOCRYSTALLINE SPECIMENS DURING COLD- 

ROLLING 

It has been shown that the preferred orientations best representing 
the texture of cold-rolled pojycrystalline copper after 99.5-percent 
reduction are the twm 110-112 and twin 112-TTl orientations No 
attempt has been made to estimate the relative amounts of fragmented 
metal having the twin orientations. The presence of the twin 112-TTl 
orientations is in disagreement with the conclusion of Schmid and 
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Staffelbach [1], who concluded that the texture of severely cold-rolled 
copper was represented only by twin 110-112 orientations. Then- 
published pole-figures indicate the presence of small amounts of crys¬ 
tallites having the twin 112-111 orientations. This is particularly 
true of their pole-figure of normals to octahedral planes, which defi¬ 
nitely indicates that a large number of crystallites have octahedral 
axes near ly parallel to the rolling direction. Crystallites having the 
twin 112-111 orientations have octahedral axes parallel to the rolling 
direction. 

In initially mono crystalline specimens after 99.5-percent reduction, 
the relative number of crystallites having the twin 110-112 and twin 
112—111 orientations appeared to vary depending upon the initial 
orientation. The results indicated that a large number of crystallites 
had attained the twin 110-112 orientations in all specimens. No crys¬ 
tallites in specimen 2 had attained the twin 112-TTl orientations, a 
small number in specimens 6 and 3, and a slightly larger number in 
specimens 8 and 9. The results obtained after increasing degrees of 
cold-rolling indicated that these final orientations are attained in two 
stages, the first being usually complete after reduction of approxi¬ 
mately 90 percent, and the second nearly complete after 99.5-percent 
reduction. 

During the first stage, the lattices of adjacent layers tend to rotate 
in opposite directions around axes nearly parallel to the transverse 
direction. Sections of these layers were observed in specimens 9, 8, 
and 6. The lattice rotations around the transverse direction resulted 
in what might be termed intermediate orientations. The interme¬ 
diate orientations approximated were 110-001, 112-111, 100-011, 
100-001. 

The intermediate 110-112 orientation was not attained in the mono¬ 
crystalline specimens described in this paper by a rotation about an 
axis nearly parallel to the transverse direction. However, it was 
attained in this manner by Pickus and Mathewson [7] under conditions 
of deformation simulating the rolling process. Their method con- 
sisted in compressing mono crystalline specimens of alpha brass be¬ 
tween two parallel surfaces and restricting the flow to a direction 

perpendicular to the axis of compression. 

The second stage, which occurs only during extremely severe delor- 
mation, consists in rotations of lattices from intermediate orientations 
to the final twin 110—lT2 and twin 112-111 orientations. It was not 
possible to determine directly if a portion of the specimen which had 
attained an intermediate orientation developed new layers whose 
lattices had rotated to one of the two pairs of final orientations, ± his 
manner of attaining the final orientations, however, appears the most 
probable, as any alternative would necesssitate rotation by means other 
than those resulting from slip on crystallographic planes. 

The results described in this paper show that during rolling the 
lattices of different layers of specimen 2 rotated in opposite directions 
around the normal direction, from a position approximating the 110“ 
001 intermediate orientation to the twin 110—112 orientations. It 
appears then that the resistance to slip on the combination of slip 
systems necessary to maintain the 110-001 intermediate orientation 
had become sufficient to require other combinations of slip systems 
to operate. The new combinations were those which resulted in 
rotations around axes nearly parallel to the normal direction. Ine 
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results also show that during the later stages of the rolling, most of the 
rotation of the lattice of the central layer in specimen 6 took place 
around an axis nearly parallel to the rolling direction. This has been 
interpreted as indicating that when certain initial orientations are 
unfavorable to rotations around an axis nearly parallel to the trans¬ 
verse direction, the distortion proceeds by combinations of slip systems 
which result in a rotation around an axis nearly parallel to the rolling 
direction. A possible conclusion from these results is that during 
cold-rolling the lattice in portions of a monocrystalline specimen 
always tends to rotate around the principal directions, that is, the 
transverse, normal, and rolling directions. The primary tendency, 
which usually occurs during the first stage, is rotation around an axis 
nearly parallel to the transverse direction. The secondary tendency, 
usually occurring in the second stage, is rotation around an axis nearly 
parallel to the normal direction or to the rolling direction. 

On the basis of this conclusion, it is possible to designate those 
rotations which are necessary_to convert the five intermediate orienta¬ 
tions into the final twin 110-112 and twin 112-111 orientations. These 
rotations are shown in table 1. 


Table 1 . —Orientations produced in 
l 


monocrystalline specimens of copper by cold¬ 
rolling 


The angular values for the Initial orientations were obtained from the stereographic diagram of fivure 2 (A) 
The angle 0 is the angle between the 010 pole and principal direction; the angle <t> is the azimuth on the 
(010) plane measured from the TOO pole. The intermediate and final orientations show the locations of 
nor ™ al ® nd rolling directions, respectively, after cold-rolling when referred to the crystallographic poles 


Specimen 

Initial orientation of specimen 
respect to the [010] axis and 
plane (degrees) 

with 

(010) 

Interme¬ 
diate ori¬ 
entations 
approxi¬ 
mated 

Possible rotations 
around principal 
directions from 
intermediate ori¬ 
entations (de¬ 
grees) 

Final orienta¬ 
tions 


X-X 

Y 

-Y 

Z-Z 

X 


Z 


0 

0 

0 

0 

0 

0 


Y 


9_ . 

42 






] 110-001 

±35 



110-1T2,110-112 
211-TTl 

112-ITl 

110-112,110-112 

134 

116 

65 

49 

0 

| 112-ITl 

r 

60 




{. 



52 

167 

109 

92 

44 

23 

110-001 

010-101 

±35 
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60 


112-ITl 

121-TTl 

22 

44 

112 

53 

84 

141 
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121-TTl 
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20 


011-STl 










-30 










-20 


I10-TT2 









(_ 

45 


3. 

9 

90 

99 

90 

90 

180 

010-001 

J±35 


110-1T2,110-112 
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±35 

60 

I21-Ill,12l-Tii 
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I10-TT2 
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19 

76 

110 

70 

92 

160 

l _ 



1 010-001 
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±35 

121-TTl, T21-I11 












2. DEFORMATION BANDS 

The bands observed in the macrostructure of cross sections of 
specimens 9, 8, and 6 after robing are similar to the deformation bands 
frequently observed withm crystals of polycrystabine metal after 
deformation. Adjacent bands observed in these specimens were 
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shown to be layers whose lattices had rotated in different directions, 
and thus permitted the deformation of a single crystal to result in 
more than one orientation. The origin and behavior of deformation 
bands with respect to deformation of the parent crystal therefore 
become important in the study of the development of texture by cold- 
working. 

The results obtained with specimens 9, 8, and 6 showed that the 
boundaries between bands were not initially straight and did not 
correspond to any particular plane. The lattices of layers corre¬ 
sponding to adjacent bands in these specimens rotated around an 
axis in the boundary plane. Recent researches by Barrett and 
Levenson have shown that the boundaries between deformation bands 
are straight in the early stages of deformation and correspond to 
traces of cubic or octahedral planes in iron crystals after deformation 
by drawing [9j and to traces of cubic planes in aluminum crystals 
after deformation by compression [10]. According to Barrett, the 
lattices of layers corresponding to adjacent deformation bands rotated 
around an axis perpendicular to the boundary plane. This was 
shown to be the case when a monocrystalline specimen of aluminum 
was deformed plastically by compression. It is reasonable to con¬ 
clude that the position of the axes of rotation in layers shown as 
adjacent bands determines the kind of boundary between bands and 
that during deformation by drawing or compression, these axes tend 
to be perpendicular to the boundary plane, whereas in cold-rolling 
the axes of rotation tend to be in the boundary plane. 

Deformation bands similar to those found in cross sections of 
specimen 3 have been observed by Samans [11] on a plane, parallel to 
the rolling plane, in his study on cold-rolling of a monocrystalline 
specimen of alpha brass. His specimen, as well as specimen 3 in 
this work, initially had 100-001 orientation. Samans showed that 
the orientations of adjacent bands differed by a rotation of 60 degrees 
around an octahedral axis and concluded that the bands had been 
produced by mechanical twinning. The results obtained with speci¬ 
men 3 in this investigation suggest that the bands observed by Samans 
were sections of layers that were parallel to the rolling direction and 
grew in width during rolling. Slip lines observed on the end of 
specimen 3 indicated that adjacent layers approach different orienta¬ 
tions during reduction by rolling. The explanation is offered that 
the bands observed by Samans were not sections of mechanical twins 
but that the 60 degrees' difference in rotation around an octahedral 
axis was attained by progressive rotation. 

3. DEVELOPMENT OF TEXTURE IN POLYCRYSTALLINE COPPER 

If the shape of individual crystals in a polycrystalline specimen 
during a reduction by cold-rolling changes exactly in accordance with 
dimensional changes of the specimen, then the results obtained with 
mono crystalline specimens could be used, without question, to describe 
the development of texture. The nonconformity of changes in shape 
of crystals with external changes of a specimen was demonstrated by 
Barrett [10]. In his experiments the inner faces of two compression 
blocks of polycrystalline aluminum became roughened by the deforma¬ 
tion resulting from 22-percent reduction. The roughened surface 
can be explained by the initial orientations of some crystals being 
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able to conform more easily to dimensional changes of the specimen 
than others. In a previous investigation [7] it was shown that the 
crystal in a bicrystalline copper rod having a cubic axis nearly parallel 
to the rod axis conformed more nearly to dimensional changes resulting 
from swaging than the other crystal having an octahedral axis nearly 
parallel to the rod axis. In this case the crystal having the cubic 
orientation tended to flow around the crystal having the octahedral 
orientation. The nonconformity of changes in shape of crystals with 
dimensional changes of the specimen probably diminishes as the 
deformation proceeds and becomes negligible after severe reductions. 
This contention assumes that the resistance of an individual crystal 
to further deformation increases as the deformation proceeds, so that 
in time the crystals undergoing the most deformation will offer the 
same resistance as those that initially offered more resistance. When 
this condition is realized, the dimensional changes of all crystals should 
conform to the external changes of the specimen. Evidence that such 
a conformity is approached is given by metallographic examinations 
of severely cold-rolled specimens of poly crystalline copper. These 
examinations showed that in general all grains are elongated in the 
direction of rolling, shortened in the normal direction, (and almost 
unchanged in the transverse direction. From the above consideration 
it is concluded that the interactions of neighboring crystals in poly¬ 
crystalline specimens may result, during early stages of deformation 
by rolling, in lattice rotations which are not consistent with the 
behavior of mono crystalline specimens, but these inconsistencies are 
greatly reduced in later stages. 

The development of texture in polycrystalline copper by cold¬ 
rolling, based on the behavior of mono crystalline specimens during 
cold-rolling, appeal's to be as follows: During moderate reductions, 
a crystal may develop layers by the rotation of the lattice in different 
directions. The lattice rotation of a crystal or of a layer within a 
crystal, during moderate reductions, tends to be around an axis nearly 
parallel to the transverse direction and ends at a position approximat¬ 
ing one of five intermediate orientations, as follows: 110-112, 112-TTl, 
110—001, 100—001, and 100—011. Additional rolling causes the crystals 
or layers within crystals that approximate the 110-001 intermediate 
orientation to develop new layers. The lattices of some of the newly 
developed layers rotate to one of the twin 110-112 orientations, and 
the lattices of the remaining layers rotate to the other. Crystals or 
layers within crystals approximating other intermediate orientations 
develop new layers whose lattices rotate in a similar manner to the 
twin 110—112 and twin 112—111 orientations. The rotations required 
to attain one of the final orientations from an intermediate orientation 
appear to be only around axes that are nearly parallel to the normal 
or rolling directions. 

V. SUMMARY 

Five monocrystalline specimens differing in their initial orientation 
and one polycrystalline specimen were cold-rolled without inter¬ 
mediate annealing from 1-in. to 0.005-in. thickness. Care was taken 
to keep the same rolling surface up and to enter the same end between 
the rolls during the entire reduction. After 15-, 30-, 45-, 90-, and 
99.5-percent reductions, samples were cut from the ends of the mono¬ 
crystalline specimens first to enter the rolls. These samples were 

307823—41-4 



404 Journal of Research of the National Bureau of Standards [voi.te 

used for metallographic examinations of the cross sections and the 
determination of lattice orientations. Samples from the poly crystal¬ 
line specimen after 99.5-percent reduction were used to obtain data 
for constructing a pole-figure of normals to the octahedral planes. 

The pole-figure of a polycrystalline specimen of severely cold-rolled 
copper indicated that the preferred orientations were twin 110-1T2 
and twin 112-111 orientations. The behavior of five mono crystalline 
specimens during cold-rolling showed that three specimens developed 
layers whose lattices rotated to positions approximating two of five 
orientations. These five orientations have been called intermediate 
because they are approached during moderate reductions and appear 
to be the starting positions for the development of the texture charac¬ 
teristic of severely cold-rolled polycrystafime copper. The five inter¬ 
mediate orientations are 110-112, 112-111, 110-001, 100-001, and 
100-011. The lattice of the other two mono crystalline specimens 
as a whole rotated to a position approximating one of the five inter¬ 
mediate orientations. After additional rolling all specimens showed 
more than one orientation. _The final orientations approached were 
twin 110-112 or twin 110-112 and twin 112-111 orientations, which 
are characteristic of cold-rolled potycrystalline copper. 

The lattice rotations resulting in positions approximating the 
intermediate orientations tend to be around axes nearly parallel to 
the transverse direction. Other rotations tend to be around axes 
nearly parallel to the normal or rolling directions. 

An explanation of the development of texture in severely cold-rolled 
polycrystalline copper, based on the behavior of mono crystalline 
specimens, is given. 
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COLORIMETRIC DETERMINATION OF PHOSPHORUS IN 

STEEL AND CAST IRON 

By John L. Hague and Harry A. Bright 


abstract 

A colorimetric method is described for the determination of phosphorus in 
steels and irons. The phosphomolybdenum blue reaction is utilized, and the 
transmittancy of the colored solution is measured with a photoelectric colorimeter 
and a Corning Lantern Shade Yellow filter, No. 349. Provision is made for the 
effects of arsenic and silicon, and a method of compensating for the color of 
alloying constituents is given. An accuracy of ±0.003 percent was indicated 
for steels whose phosphorus content ranged from 0.01 to 0.11 percent. With 
cast irons containing 0.25 to 0.80 percent of phosphorus, values accurate to ±0.02 
percent were obtained. A single determination of phosphorus in steel can be 
made in about 20 minutes, and a set of eight determinations can be completed in 
approximately 45 minutes. 
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I. INTRODUCTION 

The most widely used method for the determination of phosphorus 
in steels and irons involves its precipitation as the yellow ammonium 
phosp ho molybdate, and subsequent titration of the phosphomoly b- 
date with a standard alkali solution. The development of improved 
filter photometers has directed attention to the possibility of using 
rapid colorimetric or turbidimetric methods for the determination of 
phosphorus in ferrous materials, and a number of photometric pro¬ 
cedures for this determination have been published. Koch 1 described 
a turbidimetric method based on the reaction of the phosphomolybdate 
ion with strychnine. Murray and Ashley 2 used the yellow phos- 
phovanadomolybdate complex, and measured the extinction co¬ 
efficient of the solution with a Pulfrich step-photometer and a suitable 
filter. Bursuk 3 employed the phosphomolybdenum blue complex for 


i Arch. Eisenhtittenw. 12, 69 (1938). 
j Ind. Eng. Chem., Anal. Ed. 10, 5 (1938). 
* Zavodskaya Lab. 8, 12 (1939). 
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the determination of phosphorus in carbon steels, and measured the 
color intensit}^ of the solution with a photoelectric colorimeter. 

The phosphomolybdenum blue reaction has been used for many 
years in biochemical work for the determination of phosphorus. A 
summary of the different reducing agents employed, and the methods 
used to obtain the “blue compound’' is given by Snell and Snell 4 and 
by Yoe. 6 The sensitivity of the reaction is of particular value for 
steels of low phosphorus content (P *<0.03 percent). The intensity 
of the blue color can be measured with simple apparatus, and rela¬ 
tively high percentages of alloying elements wnich give colored ions 
can be tolerated, because the corrections are small and conveniently 
made. 

Tliis paper reports an application of the phosphomolybdenum blue 
reaction to the determination of phosphorus in steels and irons. A 
procedure has been developed in which a reagent containing hydrazine 
sulfate and ammonium molybdate is used to form the blue com¬ 
pound. This type of reagent, used by Morris and Cal very 6 for the 
colorimetric determination of arsenic, gives with the phosphate ion a 
stable phosphomolybdenum blue complex with but little background 
color. The sample is dissolved in diluted nitric acid (sp gr 1.20), a 
definite amount of perchloric acid is added, and the solution is then 
evaporated to fumes of perchloric acid. Perchloric acid is used to 
remove the nitric acid, and to insure the oxidation of all phosphorus 
to the ortho acid; the use of a definite amount provides for the proper 
adjustment of the initial acidity. Water and a solution of sodium 
sulfite are added to the cooled residue, and the solution is heated to 
boiling to reduce the iron. Phosphorus is then converted to the blue 
compound by adding a solution containing hydrazine sulfate and 
ammonium molybdate and heating at 90° for about 5 minutes. The 
transmittancy of the colored solution is measured with a photoelectric 
colorimeter (comparator). The quantity of phosphorus is read from 
a standard curve or table prepared from data obtained by treating 
steels containing known amounts of phosphorus in the same manner 
as was used for the unknown. A single determination can be made 
in about 20 minutes, and a set of eight determinations can be com¬ 
pleted in approximately 45 minutes. 


II. APPARATUS AND REAGENTS 


1. APPARATUS 


A photoelectric colorimeter of the Evelyn 7 type was used m most 
of the work. The light-sensitive cell is an Electrocell, and^ the 
current-measuring instrument is a low-resistance (50-ohm) micro¬ 
ammeter (0 to 100 microamperes). A Pyrex test tube (16 by 150 
mm) is used as an absorption cell. 8 The filter is a Corning Lantern 
Shade Yellow, No. 349. 


4 F. D. Snell and C. T. Snell, Colorimetric Methods of Analysis, vol. 1 (D. Van Nostrand Co., Inc., New 

York, N. Y., 1936). - „ „ . XT v 

1 J. H. Yoe, Photometric Chemical Analysis, vol. 1 (J. Wiley & Sons, New York, N. Y., 1928). 

« Ind. Eng. Chera., Anal. Ed. 9, 448 (1937). 

7 J. Biol. Chem. 115, 63 (1936). . . , . . 

8 The effective thickness of a column of liquid in a tube of this diameter is equivalent to approximately 
13 mm. Transmittancy measurements were made on a number of tubes when filled witfi water ana v nen 
filled with a solution containing the color developed by approximately 30 »g of phosphorus in a volume oi 
50 ml. The tubes which gave transmittancy readings identical with those of the tube used to prepare a 
calibration curve were kept as a reserve supply of matched tubes. 
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2. REAGENTS 

Diluted nitric acid (sp gr 1.20 ).—Add 380 ml of nitric acid (sp gr 
1.42) to 620 ml of water. 

Perchloric acid (60 percent). 

Diluted hydrobromic acid (f+4)-—Dilute 20 ml of hydrobromic 
acid (48 percent) with 80 ml of water. 

Sodium sulfite solution (10 percent ).—Dissolve 100 g of anhydrous 
sodium sulfite in 500 ml of water, dilute to 1,000 ml, and filter. 

Hydrazine sulfate solution (0.15 percent ).—Dissolve 1.5 g of hydra¬ 
zine sulfate in 1,000 ml of water. 

Ammonium molybdate solution (2 percent in 11 N H 2 S0 4 ).—Add 300 
ml of sulfuric acid (sp gr 1.84) to 500 ml of water and cool. Dissolve 
20 g of ammonium molybdate in the solution and dilute to 1,000 ml 
with water. 

Ammonium molybdate-hydrazine sulfate reagent .—Dilute 25 ml of 
the ammonium molybdate solution to 80 ml with water, add 10 ml of 
the hydrazine sulfate solution, and dilute to 100 ml with water. 
This solution is not stable and should be prepared as needed. 


III. PROCEDURE 


Carbon steel .—Transfer 50 mg of the sample to a 125-ml Erlen- 
mever flask and add 5 ml of diluted nitric acid (sp gr 1.20). Heat 
until the sample is in solution. Add 3 ml of perchloric acid (60 per¬ 
cent) from a transfer pipette. Evaporate the solution to fuming, 
and fume gently until all of the nitric acid is removed, usually 3 to 4 
minutes. 9 Cool somewhat 10 and add 10 ml of water and 15 ml of 
the sodium sulfite solution. Heat the solution to boiling and boil 
gently for 20 to 30 seconds. 11 Add 20 ml of the ammonium molyb¬ 
date-hydrazine sulfate reagent, heat to about 90° C, and allow to 
digest at that temperature for 4 to 5 minutes. Then heat the solu¬ 
tion just to boiling temperature, but do not boil. 12 Cool rapidly to 
room temperature, transfer the solution to a 50-ml volumetric flask, 
and dilute to the mark with a diluted solution (1 + 4) of the ammonium 
molybdate-hydrazine sulfate reagent. Mix thoroughly, transfer a 
portion of the solution to the cell (a matched test tube), and measure 
the percentage transmittancy of the solution, the indicator of the 
microammeter having been previously adjusted to 100-percent trans¬ 
mittancy for a cell filled with water. The percentage of phosphorus 
is obtained from a calibration curve or table prepared from data 
obtained by carrying steels containing known amounts of phosphorus 
through all the steps of the method. 

Alloy steels .—For steels containing less than 2 percent of chromium, 
5 percent of vanadium, or 35 percent of nickel, proceed as with carbon 
steels. If the sample is insoluble in diluted nitric acid (high-chro¬ 
mium steels), add 3 ml of diluted hydrochloric acid (1 + 1) to the 
nitric acid solution. If the steel contains more than 2 percent of 
chromium, 5 percent of vanadium, or 35 percent of nickel, a separate 


9 At this stage the neck of the flask becomes dry, and the perchloric acid refluxes on the walls of the flask 
i° When the arsenic content of the sample exceeds 0.05 percent, this element should be eliminated as fol¬ 
lows: Add 5 ml of diluted hydrobromic acid 0+4) to the cool perchloric acid solution of the sample evano- 
rate to fuming and fume gently to remove the hydrobromic acid. The interference of as much as 0 25 nVr. 
cent of arsenic can be avoided by this treatment. ' y 

11 The brown coloration which appears when the sulfite is first added should disappear completely 

»» Aiternauvely, the blue coloration may be developed with less attention by digesting for.15 to 20 minutes 
on the steam bath (8S° to 90° C). ° 
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50-mg portion is taken to obtain the correction for the absorption 
due to the solution of the sample. This sample is carried through 
all the steps of the method, except that 20 ml of diluted sulfuric acid 
(8 + 92) is substituted for the 20 ml of ammonium molybdate-hydra¬ 
zine sulfate reagent specified in the procedure, and the final dilution 
to 50 ml is made with water. The correction for the transmittancy 
of the unreduced solution is made as described in section IV. 

Cast iron.. Transfer a 100-mg sample to a 125-ml Erlenmeyer 
flask, and dissolve the sample in 25 ml of diluted nitric acid (sp gr 
1.20). Boil until nitrous fumes are expelled, cool, and dilute the solu¬ 
tion to exactly 100 ml. Allow the graphite to settle, and pipette 
a 5-ml aliquot portion into a 125-ml Erlenmeyer flask. Add 3 ml 
of perchloric acid (60 percent) and proceed as with carbon steels, 
eliminating arsenic by treatment with hydrobromic acid. 

IV. RESULTS 


The results obtained with a series of carbon steels are shown 
graphically in figure 1. It will be seen that Beer's law holds up to 



0.11 percent of phosphorus, within an experimental error of about 
0.003 percent of phosphorus. The curve does not pass through the 
100-percent transmittancy point, because no attempt was made to 
correct the measurements for the small amount of absorption due to 
iron, to phosphate in the reagents, to the small amount of arsenic 
(approximately 0.01 percent) generally present in steels, and to other 
blank effects. Each new lot of reagents, therefore, must be carefully 
tested by carrying standards through all the steps of the method in 
order to check the calibration curve. 

The values for individual determinations of phosphorus may be 
read from a graph of the type illustrated in figure 1, or from a table 
in which the percentage of phosphorus corresponding to various 
percentage transmittancy values has been calculated from the equa¬ 
tion log T 2 — log Ti=k — C\). Using the percentage transmittancy 
obtained on NBS Standard Samples 8e and 55a as standards, a table 
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of phosphorus-transmittancy values was calculated. 13 Individual 
values for the carbon steel samples were read from this table, and 
the results obtained are shown in table 1. The maximum error 
is 0.007 percent of phosphorus, and the average error is about 0.002 
percent. 

Table 1 . —Results obtained by the procedure recommended for carbon steels 



Phosphorus 

Differ¬ 

ence 


NBS Standard Sample 

Certifi¬ 
cate value 

Found 

Type of steel 


Percent 

Percent 





0.004 

0.000 

| 



.005 

+.001 


55a*.. . 

0.001 

.005 

+.001 

>Open-hearth iron. 


.004 

.000 




.003 

-.001 

] 



.009 

-.001 

I 

51a . 

.010 

.010 

.000 

>Electric, 1.2 percent of carbon. 


.007 

-.003 

15c. 

.014 

/ .015 

\ .014 

+. 001 
.000 

>B. O. H., 0.1 percent of carbon. 


34a .. 

.028 

f .029 

\ .029 

+.001 

+.001 

>A. O. H., 0.8 percent of carbon. 


20d - - - -. - - 

.018 

/ .050 

\ .048 

+.002 

.000 

}a. O. H., 0.4 percent of carbon 


21c.-. 

.062 

/ .064 

\ .062 

+.002 

.000 

}A. O. 11., 0.6 percent of carbon. 

22b. 

. 0S4 

/ .084 

1 .084 

.000 

.000 

[•Bessemer, 0.6 percent of carbou. 





.000 

] 

9c . 

.096 

< .094 

—.002 

>Bessemer, 0.2 percent of carbon. 


l .092 

-.004 



[ .099 

.000 




nTl 

-.001 


8e 1 .-. 

.099 

. 102 

+. 003 
.000 

Bessemer, 0.1 percent of carbon. 


.099 



.098 

-.001 




.113 

+.004 


129 . 

.109 

.102 

1 .105 

-.007 

-.004 

High sulfur. 




l .108 

-.001 

I 


i Used as a standard, but data given to show the precision of single determinations. 


The results obtained on alloy steels with phosphorus contents 
ranging from 0.01 to 0.03 percent are shown in table 2. The maxi¬ 
mum error is 0.003 percent, and the average error is about 0.001 2 


11 Example: 

A transmittancy value (TO of 94.5 percent was observed for NBS Standard Sample 55a, which contains 
0.004 percent (CO of phosphorus. A transmittancy value (TO of 45.0 percent was observed for NBS Stand¬ 
ard Sample 8e, which contains 0.099 percent (Cj) of phosphorus. Substituting in the above equation, solve 
for k: 

log = 1.9754 Ci=0.004 

log T a = 1.6532 Cj=0.099 


log Tj-log Ti 1.6532-1.9754 

Ca-Ci “ 0.099 -0.004 " 339 

Calculate the intercept To (where Co=0.000 percent): 


log 7a= 1.6532 Ca=0.099 

log T 0 =log Ta-fc(Ca-Co) 
log To= 1.6532—(—3.39X0.099) = 1.9888 
To=97.5 


value* 041 ^ 11 ^^ 6 P ercen ^ a ^ e Phosphorus (C,) equivalent to an observed percent transmittancy ( T x ) 

T 0 =97.5; log To= 1.9888 Co=0.000 

T x =transmittancy for which a phosphorus equivalent is wanted. 


percentage of phosphorus— C, — Co — lo - g -^ Iog * _ g .. Tti ^ *°g T x 

1.9888-log T x 
3.39 

a PP^y only to the Evelyn-type colorimeter and tubes used in this work, but are given to 
show the method of calculation employed. 
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percent of phosphorus. The percentage of phosphorus was read from 
the phosphorus-transmittancy table calculated for carbon steels. The 
percentage transmittancy observed for NBS Standard Samples 73, 
101, 101a, and 121 (high-chromium steels) was corrected for the 
absorption due to the solution of the sample in which the phospho- 
molybdenum blue color was not developed. For example, the trans¬ 
mittancy observed for NBS Standard Sample 101a (P=0.017 percent), 
when the phosphomolybdenum blue color was developed, was 74.5 
percent. The transmittancy of another sample in which the phos¬ 
phomolybdenum blue color was not developed was 87.0 percent. 
The corrected transmittancy value, 74.5 divided by 87.0, is 85.6 
percent, and from the phosphorus-transmittancy table calculated for 
carbon steels is found to equal 0.017 percent of phosphorus. 


Table 2.— 


Results obtained by the procedure recommended for alloy steels 


NBS Standard Sample 


125. 

72a. 

32b 


30c. 

111 . 

100 . 

30b 


130. 

33b 

101 . 


121 


101a 


73 


Phosphorus 


Certifi¬ 
cate value 


Percent 

0.008 

.016 

.016 

.019 

.023 

.023 

.024 

.025 

.037 

.010 

.016 

.017 

.023 


Found 


Percent 
0.007 
*009 
.016 
.015 
.015 
.013 
.018 
. 016 
.024 
.021 
.025 
.022 
.025 
.025 
.025 
.025 
.035 
.035 
b . 012 
b. 012 
b 018 
*>. 018 
b. 017 
b . 017 
b .021 
b 021 


Differ¬ 

ence 


Percent 
- 0 . 001 
+.001 
.000 
-.001 
-.001 
-.003 
-.001 
-.003 
+.001 
-.002 
+. 002 
-.001 
+.001 
+.001 
.000 
-.000 
—.002 
-.002 
+. 002 
+. 002 
+. 002 
+. 002 
.000 
.000 
-.002 
-.002 


Type of steel 


jsilicon (4.97 Si). 

! Chromium-molybdenum (0.66 Cr, 0.20 
Mo). 

Chromium-nickel (1.21 Ni, 0.64 Cr). 
jchromium-vanadium (0.98 Cr, 0.24 V). 
jNickel-molybdenum (1.75 Ni,0.22Mo). 
jManganese-rail (1.38 Mn). 
jchromium-vanadium (1.03 Cr, 0.21 V). 
jLead-bearing (0.20 Pb). 
jNickel (3.48 Ni). 

jchromium-nickel (17.6 Cr, 8.4 Ni). 

1 Chromium-nickel, titanium-bearing 
J (17.8 Cr, 9.0 Ni, 0.39 Ti). 

jChromium-nickel (18.3 Cr, 9.0 Ni). 
jChromium (13.9 Cr). 


* Two drops (0.05 ml) HF present during s^ution of sample. 

b Result obtained by correcting for absorption due to the sample. See section IV. 


The results obtained by the procedure for cast irons are shown in 
table 3. A table of phosphorus-transmittancy values was calculated, 
using 4e and 7c as standards, and the values given were read from this 
table. The maximum error is 0.02 percent, and the average error is 
less than 0.01 percent of phosphorus. A few experiments indicated 
that the color obtained from a given amount of phosphorus was con¬ 
stant when the amount of iron present was varied from 5 to 50 mg. 
For cast irons, values read from the table prepared for carbon steels, 
multiplied by 10 to compensate for the difference in weight of sample, 
were almost as accurate as those shown in table 3. 
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Table 3. —Results obtained by the procedure recommended for cast irons 


NBS Standard Sample 

Pbosp 

Certificate 

value 

horus 

Found 

Difference 


Percent 

Percent 

Percent 



0. 11 

0.00 


0.100 

. 11 

.00 



. 12 

+.01 



.26 

.00 


.201 

.20 

.00 


.24 

-.02 



| .51 

+.02 

6d - .... . 

.486 

{ .50 

+.01 



I .49 

.00 



| .78 

.00 

7c > .-.-. 

.778 

{ .78 

.00 



l .78 

.00 


» Used as a standard. 


V. DISCUSSION 

The spectral transmittancies of the phosphomolybdenum blue 
compound, of iron, and iron plus chromium, and the spectral trans¬ 
mission of the Coming filter (No. 349), were obtained with a Coleman 



• Figure 2. —Curves showing regions of absorption. 

• Filter. 

O Phosphomolybdenum blue complex. 

A 50-mg NBS Standard Sample 73 (14 percent of Cr). 

□ 50-mg NBS Standard Sample 55a (ingot iron). 

DM spectrophotometer (model 10S). The data are shown in figure 
2. It will be noted that the maximum absorption due to the phos¬ 
phomolybdenum blue compound occurs at approximately 830 m/x. 
A few measurements made at this wavelength and at 650 m/x indicate 
that the solutions follow Beer’s law at both wavelengths. Measure- 
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ments made on the Evelyn-type colorimeter were limited to the region 

from 550 m// to approximately 700 m M by the filter and by the spectral 
sensitivity of the photocell. 

Roe, Irish, and Boyd 14 have studied the phosphomolvbdenum 
blue reaction and have summarized the conditions which'must be 
controlled: (1) the concentration of molybdic acid, (2) the concen¬ 
tration of the reducing agent, (3) the time allowed for completion of 
the reaction, (4) the hydrogen ion concentration, (5) the presence 

of salts, and (6) the amount of phosphorus in the sample being 
analyzed. 



PERCENT VANADIUM OR CHROMIUM 

Figure 3. —Curves showing extent of interference by certain elements. 

A Vanadium. 

O Arsenic 

© Chromium. 

The concentration of molybdic acid and hydrazine sulfate under 
the conditions specified in the procedure is sufficient to cover the range 
of phosphorus from 0 to 60 ng. The time required for the complete 
development of color depends on the temperature. The color, once 
properly developed, is stable for at least 24 hours. 

The acidity of the solution in which the blue color is developed is 
important, and the limiting range depends in part on the amount of 
salts present. With the salt concentration specified in the method of 
Roe, Irish, and Boyd, the permissible range of acidity is given as 
0.9 N to 1.9 N sulfuric acid. Tests of the effect of acidity in the pro¬ 
cedure given in this paper were subject to the uncertainty of the 
amoimt of residual sulfurous acid. However, experiments in which 
the acidity of the ammonium molybdate solution was varied from 5 N 
to 16 N sulfuric acid (corresponding to an acidity of 0.5 N to 1.6 N 
sulfuric acid in the final solution) indicated that (1) some bleaching 
of the color occurs in solutions approximating 1.6 A 7 in sulfuric acid, 


M J. Biol. Chem. 67, 580 (1026). 
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and (2) erratic results are obtained when the acidity is less than 0.8 
N sulfuric acid. 

Arsenate gives a molybdenum-blue reaction similar to that of 
phosphate, and the extent of this interference is shown in figure 3. 
Experiments indicate that 0.05 percent of arsenic may be present 
without leading to an error greater than 0.003 percent of phosphorus. 

It has been stated that silicon gives a molybdenum-blue compound. 
This reaction, however, does not occur under the conditions given in 
the recommended procedure. Large amounts of silicon give rise to an 
objectionable turbidity, and a few experiments made with a high- 
silicon steel, NBS Standard Sample 125, indicate that this difficulty 
can be overcome by adding 2 drops (about 0.05 ml) of hydrofluoric 
acid to the original nitric-perchloric acid solution of the sample, and 
evaporating to fumes as directed in the procedure. 

Copper, nickel, chromium, and vanadium do not interfere with the 
development of the phospliomolybdenum blue color, but give colored 
ions which may interfere unless proper compensation is made. Exper¬ 
iments indicate that as much as 35 percent of nickel, 15 percent of 
copper, 5 percent of vanadium, or 2 percent of chromium may be 
present without leading to an error greater than 0.002 percent of 
phosphorus, when the calibration curve is prepared from carbon steels. 
The extent of the interference of chromium and vanadium is shown 
in figure 3. When the above-mentioned elements are present in 
amounts greater than those indicated, correct results can be obtained 
by preparing a calibration curve with the same type of material being 
tested, or alternatively, a correction can be applied by measuring 
the transmittancy of a solution of the sample in which the phosplio- 
molybdenum blue color is not developed. 


Washington, January 8, 1941. 
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METHOD FOR DETERMINING THE COMPONENTS OF 

ASPHALTS AND CRUDE OILS 

By 0. G. Stricter 1 


abstract 

The ordinary procedure for the analysis of asphalts, which uses petroleum 
naphtha and carbon bisulfide as solvents, does not yield satisfactory results. 
Recently it has been found that by substituting pentane for the petroleum naph¬ 
tha and ether for the carbon bisulfide, accurately reproducible results can be 
obtained for the content of asphaltenes, resins, and the oily constituents. 


CONTENTS 
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3. Asphaltic resins_ 417 

III. Analytical data_ 417 


I. INTRODUCTION 


The components of asphalt, according to Marcusson, 2 are the 
asphaltic acids and their anhydrides, oily constituents, resins, and 
asphaltenes. The asphaltic acids and their anhydrides are deter¬ 
mined by saponifying with cold and hot alcoholic potash, respectively, 
but owing to the formation of troublesome emulsions and to the fact 
that they are present in the asphalt only in small amounts, their 
determination is usually omitted, so the ordinary procedure is: 

1. The asphaltenes are precipitated with 88° Be petroleum naphtha. 

2. The petroleum naphtha filtrate, which contains the oily con¬ 
stituents and the resins, is reduced in volume by evaporation and then 
is completely absorbed by fuller’s earth. 

3. The oily constituents are extracted from the fuller’s earth with 
petroleum naphtha. 


4. After the oily constituents are removed from the fuller’s earth, 
the resins are extracted with carbon bisulfide or benzol. 

Petroleum naphtha is not a definite compound, but a mixture of 
hydrocarbons that varies with the nature of the crude petroleum from 
which it is obtained. A naphtha that consists chiefly of hydro¬ 
carbons of the paraffin series will precipitate the asphaltenes more 


Bureau* 81 ^* 1 Asso<date at National Bureau of Standards, representing the Asphalt Roofing Industry 
york?l5?Yf 19?8 8m ' Asphalt and Allied Su bstances, 4th ed., p. 1007. (D. Van Nostrand Co., Inc., New 


415 









416 Journal of Research of the National Bureau of Standards [voi.te 


completely than will a naphtha of the same boiling range but com¬ 
posed of naphthenes and aromatics. The revised method substitutes 
n-pentane for the petroleum naphtha. Because n-pentane is of 
nearly constant composition, it has the advantage over petroleum 
naphtha that different- lots of it will precipitate the same percentage 
of asphaltenes from a given sample of asphalt or of crude oil. In 
addition, because it is a paraffin hydrocarbon, it will precipitate the 
asphaltenes almost completely, and will give more accurate results 
than are possible to get with petroleum naphtha. 

For the extraction of the resins from the fuller's earth, the revised 
method substitutes ethyl ether for the carbon bisulfide or benzol 
ordinarily used. On a given sample, it was found that extraction of 
the resins with carbon bisulfide yielded 8.3 percent and with benzol 
13.2 percent, but extraction with ethyl ether according to the revised 
procedure yielded 22.7 percent. In these cases, the sums of the 
components of the asphalt when using carbon bisulfide, benzol, and 
ether, were 88.1, 94.7, and 99.4 percent, respectively. 

II. REVISED PROCEDURE 

Weigh 5.000 g of asphalt in small pieces on a tared watchglass and 
transfer to a 400-ml wide-mouthed Erlenmeyer flask. Add 100 ml of 
normal pentane, and rotate the Erlenmeyer flask until the asphalt is 
partially disintegrated. Add an additional 75 ml of pentane, and 
again rotate until the asphalt is completely disintegrated. Then add 
50 ml of pentane, lightly cork the flask, and allow to settle overnight. 

1. ASPHALTENES 

Filter the pentane solution through a tared Gooch crucible, with 
slight suction. Catch the filtrate, without attempting to transfer all 
the asphaltenes to the Gooch crucible, in a 600-ml beaker under a bell 
jar. Wash the residue in the flask and on the crucible with successive 
small portions of pentane until the filtrate is colorless. Dry the 
Gooch crucible in an oven at 105° C, cool in a desiccator, and weigh. 
Dissolve in carbon tetrachloride the residue adhering to the walls of 
the Erlenmeyer flask, and transfer the solution to a 250-ml beaker. 
Evaporate to dryness by allowing the beaker to stand in a warm place, 
dry at 105° C, and weigh. The combined weights of the residue 
divided by 5 and multiplied by 100 gives the percentage of asphaltenes. 

2. OILY CONSTITUENTS 

Allow the filtrate containing the oily constituents and the resins 
(600-ml beaker) to evaporate slowly to dryness at room temperature 
under the hood. Wash the sides of the beaker with pentane, and 
dissolve the residue in a total volume of 25 ml of pentane. 

To the 25-ml pentane solution in the 600-ml beaker add 20 g of 
fuller's earth which passes a 100-mesh screen, and thoroughly mix 
with a steel spatula. Add 15 g of 30- to 60-mesh fuller’s earth, and 
mix with the finer fuller’s earth to make the latter more porous. 

Transfer the fuller’s earth mixture, not too wet but before it becomes 
dusty, to a Soxhlet extraction thimble (43 mm in diameter and 123 
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mm high). Plug the top of the thimble with cotton to prevent 
washing the fuller’s earth out of the thimble during the subsequent 
extraction. Let the thimble with its contents stand for 4 hours, then 
place it in a Soxhlet extraction apparatus, cover with pentane, and 
allow to soak overnight. Extract with pentane for 6 hours, and again 
allow the thimble to soak overnight. Then extract for an additional 
6 hours. (Place glass beads in the distilling flask to prevent bumping). 
Transfer the pentane solution, a little at a time, to a 250-ml beaker 
and evaporate at room temperature under the hood. The beaker 
must never be more than half-filled, otherwise the evaporation of the 
pentane will cause the oily constituents to creep over its rim. 
Place the beaker on the steambath and then in an oven at 105° C 
to drive off the last traces of pentane, cool in a desiccator, and weigh. 
The weight of the oily constituents divided by 5 and multiplied by 
100 gives the percentage of them in the sample. The oily constituents 
should be amber colored. If darker they must be treated again with 
fuller’s earth and reextracted. 

3. ASPHALTIC RESINS 

After the removal of the oily constituents, extract the fuller’s earth 
in the thimble with ethyl ether in the manner described for the oily 
constituents. Evaporate the ether solution to dryness, heat in an 
oven at 105° C, cool, and weigh. The weight of the residue divided 
by 5 and multiplied by 100 gives the percentage of asphaltic resins. 

III. ANALYTICAL DATA 

Table 1 illustrates the type of analytical results obtained with the 
revised method, using pentane and ether as solvents. 

The results given in table 1 are the average of two determinations. 
The duplicate asphaltene determinations varied by less than 0.3 
percent. The maximum difference between determinations of the 
oily constituents was 1.5 percent and of the resins 1.0 percent. 


Table 1. —Composition of four asphalts determined by the revised method 


Components ! 

A 

B 

C 

D 

Asphaltenes... 

% 

40.1 
41 0 

% 

% 

% 

44.9 

on n 

Oily constituents_ .. 

“O, o 
QQ 9 

ut/i i 

r\ 

Resins. 

"1. V 

18.2 

OO. L 

17.8 

4U. U 

OO *7 

39. 0 
15.5 


ZZ. 7 

Total. 

99.3 

99.3 

99.4 

99.4 



The revised method is applicable not only to asphalts but to crude 
oils as well. Hence, every crude oil can be classified with respect to 
the proportion of asphaltenes, resins, and oily constituents that it 
contains, Ihis is illustrated by the analysis of various crude oils as 
shown m table 2. In this table the percentages of the oily constitu- 
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ents were obtained by difference. The oily constituents of the crude 

oils are volatile and so can not be determined directly without a slight 
change in technic. 


Table 2 . —Analysis of crude oils by the revised method 


Specimen 

Source 

Asphal¬ 

tenes 

Oily con¬ 
stituents 

Resins 

1... 

Arkansas 

or 

/O 

4.3 

7.2 

5. 5 

7.7 
0.7 

17.5 

9.8 

0. 1 

% 

79.9 

70.6 

80.7 

77.9 

74.7 
03.7 
75.4 

95.8 

% 

15.8 
16.2 

13.8 
14.4 
18.6 

18.8 
14.8 

4.1 

2.. 

Texas 

3... 

_do... 

4_ 

.do . 

5_ 

California 

6... 

.do 

7_ 

_do.... 

8__ 

Kentucky 




Washington, February 25, 1941. 
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METHODS FOR DETERMINING SOUND TRANSMISSION 

LOSS IN THE FIELD 1 

By Albert London 


ABSTRACT 

In the customary method of determining the transmission loss of a wall or floor 
partition, it is necessary to measure the difference in sound levels existing in two 
rooms which have the partition as a separating wall or floor. Also the ratio A 2 /S t 
where A 3 is the total sound absorption of the receiving room and S the trans¬ 
mitting area of the partition, must be known. Difficulties are experienced in field 
measurements because of the nonuniformity of sound levels in the test rooms and 
an uncertain knowledge of A 2 . Two new methods which eliminate these diffi¬ 
culties are described. In both of these methods the sound level on the quiet side 
is measured at the panel face, in the one method with a pressure microphone and 
in the other with a pressure gradient (ribbon) microphone. In the latter method, 
the transmission loss is independent of the value of A 2 /S if the panel face has little 
sound-absorptive value, while in the former it is possible, in most cases, to elim¬ 
inate the necessity of measuring A 2 by determining in addition the average sound 
level in the receiving room. 

Also, the possibility of using the ribbon microphone as a radiation pickup is 
indicated. 


I. Introduction_ 419 

II. Description of methods_420 

1. Usual method_420 

2. Alternate methods_422 

(a) Pressure-microphone alternate method_422 

(b) Ribbon-microphone alternate method_422 

III. Experimental results_422 

1. Pressure-microphone alternate method_422 

2. Ribbon-microphone alternate method_436 

IV. Interpretation of results_ 440 

1 . Pressure-microphone alternate method_ 440 

2 . Ribbon-microphone alternate method_ 449 

V. Further applications of the ribbon-microphone alternate method_ 451 


I. INTRODUCTION 


This work was initiated with the purpose of developing a method 
of determining the sound-insulating efficiency of wall and floor par¬ 
titions which would give results for field measurements comparable to 
those obtamed m the laboratory. The method in most general use for 
laboratory determinations is one which consists in inserting the panel 
in an opening between two rooms in one of which a source of sound is 
located. The difference in sound level in the source and receiving room 


» Presented In part at the twenty-third meeting of the Acoustical Society of America Aoril 2Q and 1 am 

under the title, 5 'he Dependence of Sound Transmission Measurements on Mi^ho^ePosUion. ' ’ 


307823—41-5 


419 
















f Vol. S6 


420 Journal oj Research oj the National Bureau oj Standards 

may be related to give the efficiency of the construction in terms of 
the transmission loss, which is defined by the equation: 

Transmission loss=Z 1 — L 2 +10 log 10 ( S/A 2 ), ( 1 ) 

where L { = average sound level in decibels in room 1, the source room, 

L 2 = average sound level in decibels in room 2, the receiving 
room, 

S =total area of sound transmitting surface, 

A -2 = total absorption in room 2, A 2 measured in same units as S 

If it is attempted to use eq 1 in field determinations of the trans¬ 
mission loss, one may meet with several difficulties of a more or less 
serious nature. The sound level in the rooms under question may vary 
considerably from point to point, so that just what the average sound 
level is may be highly indefinite. Means for determining A 2 may not 
be available, or even if available, a satisfactory field determination of 
the absorption in the receiving room may be difficult to make. To 
eliminate these and similar possibilities of error, two alternate meth¬ 
ods have been developed, which, it is believed, are more suitable for 
field measurements. 

II. DESCRIPTION OF METHODS 

1. USUAL METHOD 

The term “usual method’’ refers to the procedure which is ordinarily 
used in our laboratory for the determination of the transmission loss. 

Since the results obtained by the alternate methods are to be com¬ 
pared with those obtained in the usual method, it will be of some 
interest to describe the latter also. 

A description of the sound-transmission rooms has been given 
previously by V. L. Chrisler and W. F. Snyder. 2 It will suffice to say 
here that the receiving room (for wall panels) is about 9 ft. high, 12 
ft. wide, and 16 ft. long. The opening between the two rooms will 
accommodate panels 7 ft. 4 in. high and 5 ft. 10 in. wide, while the 
dimensions of the sound-transmitting area of the panel are 6K by 5 ft. 

There is no sound-absorption treatment in either of the rooms, the 
concrete walls being left bare. 

In this same paper there are described some experimental devices 
which were used in the source room to obtain a diffuse sound field, 
that is, one in which the energy density is uniform at different regions 
in the room and the energy flow takes place equally in all directions. 

The necessity for doing this will be apparent from a perusal of a paper 
by Buckingham, 3 who gives the theoretical basis upon which eq 1 is 
founded. In this article a fundamental assumption is the uniformity 
of sound-energy densities m both the source and receiving room. To 
approach this ideal condition the following means are used: 

1. As a source of sound, a warble note instead of a pure tone is used. 

The measurements are taken at nine different frequencies: 128, 192, 

256, 384, 512, 768, 1,024, 2,048, and 4,096 c/s, the listed frequency 
being the center of the band; the band width is 36 percent of the band 

center at 128 and 256 c/s, and 18 percent at the seven other frequen- 
- i 

> J. Research NBS 14. 749 (1935) RP800. 
a Sci. Pap. BS 20, 193 (1925) S506. 
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eies. Doubling the band width at the two lower frequencies reduces 
materially the scatter in the transmission-loss measurements while 
producing no significant change in the results. 

2 The loudspeaker unit consists of a box (which rotates when in 
use) on which are mounted six loudspeakers. This device is pictured 
in figure 1. three speakers each are mounted on opposite ends of the 

in the room. 

e net ehect of the varied orientations of the speakers, in conjunc¬ 
tion with the rotation of the box, is a considerable improvement in 
sound pattern. As compared with a rotating source consisting of one 
speaker the spread in sound-pressure level over the panel face was 
reduced from 5 or 6 decibels to only 2 or 3 db (decibels). Also, the 

uniformity of sound-pressure distribution in both source and receiving 
room was considerably improved. 

To minimize effects arising from fluctuations in the pressure level or 
utilized* 6 S ° Und pattern in the test rooms, the following devices are 

1. The microphone signal is passed into an amplifier having at its 
output a thermoelement as a rectifier and a galvanometer as an indi¬ 
cator. I he speed of response of this combination is somewhat slug¬ 
gish so that variations in signal level are effectively ironed out 

details of this arrangement are given in Research Paper 
•KP800 (see footnote 2). 

2. Four nondirectional pressure microphones (Western Electric 
type 633A, “salt shaker” type) are used in taking the measurements 
two beang used m the source room and two in the receiving room The 
outputs of the two microphones are effectively averaged by a commu- 
tating device which switches rapidly from one microphone to the other, 
thus the signal obtained at the amplifier output is a composite affair 
consisting of short samplings from the two microphones. This type 
of arrangement indicates a pressure level which is the average of two 
positions. The two microphones are arranged on a cross arm with a 
separation of about 2 % ft between them, and the latter is connected 
to a trolley which rides on a rail. Different microphone positions are 
obtained with the aid of a semiautomatic positioning device which is 
connected by a system of pulleys and cables to the trolley. 

At the four lower frequencies at which measurements are taken 
readmgs are made in both rooms at eight different positions 6 in’ 
apart along a line perpendicular to the panel face. At the five upper 
frequencies, readings are taken only at four positions, at 1-ft inter 
vals, because of the uniformity in sound level. In the noisy room all 
microphone positions were confined to distances greater than about 
2 ft from the panel face, whereas in the quiet room all distances were 
greater than 3 ft. Reasons for these restrictions on the microphone 

discussed b ® eVldent when some of the experimental results are 

After readings are taken on the one side with the two microphones 

a similar set of readmgs is taken on the other side with the two other 

microphones. Another independent set of measurements is taken 

with the microphones interchanged so as to eliminate differences in 

response, although the four microphones have almost identical re 
sponse curves. re “ 
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2. ALTERNATE METHODS 

A description of botli alternate methods will be given here. How- 
ever, a statement of the predisposing reasons favoring these methods 
lor held measurements will be given in section III. 

(a) PRESSURE-MICROPHONE ALTERNATE METHOD 

. The only detail in which this method differs from the usual method 
is the placement of the pressure microphones on the quiet side. In 
this case, the measurements in the receiving room are taken at the 
panel face. The two microphones are hung on a crossarm with a sep¬ 
aration of about 2 ft between them. Eight readings are taken 
over the face of the partition at 6-in. intervals in a vertical direction 
(for wall panels) at the lower frequencies and four readings at 1 -ft in¬ 
tervals for the higher frequencies. It is desirable that the microphones 
be placed as close as possible to the panel face without touching, 
although for the particular microphones which were used, no difficul¬ 
ties were encountered if the microphones were permitted to touch 
the panel loosely. 

(b) RIBBON-MICROPHONE ALTERNATE METHOD 

In this method the pressure microphones are entirely dispensed 
with and a single pressure gradient microphone is substituted. On 
the noisy side the microphone position is varied over exactly the same 
distance as in the usual method, while on the quiet side the measure¬ 
ments are taken at the panel face. As before, in the source room 
eight readings are taken at the lower frequencies and four at the 
upper frequencies. In the receiving room eight readings are taken 
over,the panel face at all of the nine frequencies, the particle-velocity 
level indications at the higher frequencies varying somewhat more in 
this case than in the pressure-microphone alternate method. It is 
important that the microphone does not touch the panel, as “chatter¬ 
ing” occurs and this results in an inordinate increase in level. The 
microphone used in these experiments is of the ribbon type and was 
built for us by Shure Bros. This is shown in figure 2. Its special 
design features will be indicated in section III-2. In use, the plane 
of the ribbon is placed parallel to the panel face, the face of the micro¬ 
phone being as close as possible without touching the panel. 

III. EXPERIMENTAL RESULTS 

1. PRESSURE-MICROPHONE ALTERNATE METHOD 

One of the important experimental phenomena associated with our 
problem is pictured in figure 3 (A to I). There is shown in this series 
of curves the nature of the sound pattern in the receiving room and 
how it varies with distance from the face of the panel and with the 
amount of sound absorption in the receiving room. The curves, 
which are drawn through the experimental points, were obtained 
using four pressure microphones arranged to cover an area of about 
2 sq ft, their outputs being commutated. The values of absorption 
range from that of the bare room (A\) to that when the room was as 
absorbent as it could be made conveniently (A' B ). The more promi- 
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Figure 



3 .-Variation in pressure levelwith distance from face of panel on quiet 


A, 128 c/s; B, 192 c/s. 
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Figure 3 (Continued).— Variation in pressure level with distance from face of panel 

on quiet side. 

I, 4,096 c/s. 


nent features of the curves are the initial drop in sound-pressure level, 4 
which occurs within a relatively short distance from the panel, and the 
flattening out of the curve to give a plateau with slight ridges and 
valleys. As the absorption increases, the initial drop becomes larger; 
further, the plateau is not quite established, the level dropping off 
slowly with increasing distance from the panel. For the highest 
values of absorption, that of A\ at the higher frequencies, there is 
really no leveling off of the curve anywhere in the room. 

It is thus seen that considerable difficulty may be encountered in 
taking field measurements, since the amount of absorption in the re¬ 
ceiving room may vary widely. In the first place, only in the case 
of rooms which are not too highly absorbent will a fairly uniform 
pressure level exist throughout most of the room. The position at 
which the pattern curve starts to flatten out and the average pressure 
level about which the level in the room fluctuates is indicated by the 
dotted line in figures 3 (A to I). The observer should keep away from 
positions very close to the panel if he wishes to use eq 1, as errors of 5 
to 10 db, or even larger, may be involved. Furthermore, this re¬ 
quires an investigation of the variation of pressure level with distance 
from the panel face, so as to determine the positions in the room where 
the pattern has flattened out. In the case of highly absorbent rooms 

such as a dead or moderately dead room, no uniform pressure level 
exists throughout any part of the room. 

reading ofTh?tTrm«Tm^ Paper refers to the decibel 

Ftvtevel Si i£ llarl 7’ if a velocity microphone is used, reference will bo m aHn tn v\Arf i'aIa _i 1 ^ 
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It is evident that the pressure-microphone alternate method elimi¬ 
nates these obstacles, as in this test procedure the microphones are 
placed next to the panel on the quiet side. The question arises 
whether it is possible to correlate the alternate-method results with 
those obtained by the usual method. We have been able to derive 
equations which give good agreement between both test procedures. 
The actual development of these expressions will be given in section 
IV. However, the physical considerations involved will be briefly 
stated here. 

The sound energy density at the panel face on the quiet side is con¬ 
sidered to consist of contributions from two distinct components. 
First, part of this sound energy arises from sound energy radiated 
directly off the panel; second, the remainder is energy which arises 
from the diffuse or reverberant component existing throughout the 
room. That is, the energy which is radiated by the panel suffers a 
great number of reflections at the boundaries of the room, and the net 
effect is the establishment of a diffuse state throughout the whole 
room. In the vicinity of the panel, however, there is superimposed 
on this reverberant energy the energy radiated directly from the 
vibrating partition. This means that the level at the panel face will 
be greater than that existing in the part of the room where the diffuse 
sound field is present. The average pressure level caused by the latter 
is represented by the dotted lines of figure 3 (A to I). 

As a consequence of these and other similar considerations, the 
following equations were derived for the pressure microphone alter¬ 
nate methods: 

TZ=(Fi) 1 -(FZ) 2 o+10log 10 [|(l+2V57^) 2 ]» *= 128 c/s, (2) 

TL= (PL)i — (PZ) 20 +10 log,„(l/2+2iS'/^4 2 )> V= R 2 J° , 

2,048 c/s, (3) 

TL=(PL) 1 -(PL) !0 +10log i o(.3/8+S/A2), "=4,096 c/s, (4) 

where 

TL = transmission loss in decibels. 

{PL) i = average pressure level in the source room. 

(PL) 2o=average pressure level at the panel face in the receiving 

room. 

S= total area of sound-transmitting surface 
A 2 = total absorption in receiving room, A 2j measured in 
same units as S. 

v== frequency in cycles per second. 

Equation 2 is to be used for measurements taken at 128 c/s, eq 3 
for those taken at frequencies ranging from 192 to 2,048 c/s, and eq 4 
for those taken at 4,096 c/s. It is seen that the transmission loss is 
given in each case by the difference in level which is observed, plus a 
correction term. The correction terms are plotted in figure 4 for 
different values of the ratio A 2 /S. 
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In table 1 are presented results on 16 different measurements of 
transmission loss made on 9 different panels. For reference purposes, 
the absorption (in square feet) of the receiving room and the cor¬ 
responding correction as determined from figure 4 with S= 32.5 sq. 
ft (the sound-transmitting area of our panels) head the series of 
observations which were made at this value of absorption. Under 
“ TL , usual” there is given the transmission loss as measured at the 



y s 


Figure 4. —Dependence of the correction term, C, on the ratio AJS. 

Curve I is valid for a frequency of 128 c/s; curve II for 192 to 2,048 c/s; and curve UI for 4,096 c/s. 

different frequencies, 128 to 4,096 c/s, by the usual method, and 
“ TL , alternate” gives the transmission loss determined by the alternate 
method. In the column captioned “average,” the average transmis¬ 
sion loss (average of the transmission loss measured at the nine differ¬ 
ent frequencies) is listed and opposite “correction,” the average of the 
nine individual corrections. The panels measured had average 
transmission losses varying from about 10 to 50 db, and the types of 
construction represented include porous building block, porous build¬ 
ing block with plastered surface, solid plaster on metal lath, and 
complex wood stud partition with very little tie between the two 
surfaces. There are thus included homogeneous, porous, and com¬ 
plex structures; thicknesses range from 2 to 12 in. 
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Table 1. —Comparison between results obtained by usual and pressure-microphone 

alternate methods 


Frequency, c/s: 

128 

192 

256 

384 

512 

M 

O 

00 

1,024 

2,048 

4,096 

Aver¬ 

age 

Test 

No. 

Panel 

No. 

Units of absorption 













(/la)__ 

13.9 

14.4 

19.7 

21.2 

33.2 

44.1 

38.5 

50.0 

65.5 




Corrections. 

9.1 

6.9 

5.7 

5.4 

3.8 

3.0 

3.4 

2.6 

-0.6 

4.4 



TL, usual.... 

34.2 

41.2 

39.7 

39.7 

42.6 

43.9 

44.6 

50.1 

58.9 

43.9 

a 


TL, alternate.. 

32.7 

38.4 

39.2 

40.0 

41. 6 

42.5 

44.9 

50.9 

60.2 

43.4 

f F 4 

Z2 

TL, usual.__ 

32.3 

32.4 

33.5 

34.0 

36.2 

36.2 

39.0 

41.6 

51.8 

37.4 

} r7 

X2 

TL, alternate. 

34.7 

28. 4 

33.3 

31.3 

34.5 

36.2 

39.7 

42.4 

52.6 

37.0 

Units of absorption 













(/la)... 

27.9 

20.6 

24.3 

27.5 

38.8 

47.3 

44.3 

57.3 

76.8 




Corrections. 

7.0 

5.6 

4.9 

4.5 

3.2 

2.8 

2.9 

2.2 

-1.0 

3.6 



TL, usual_ 

34. 2 

41.2 

39 7 

39. 7 

42 6 

43 9 

44 6 

50 1 

58 9 

'43 9 



TL, alternate. 

33.8 

38.1 

39.5 

39.2 

41.9 

42.6 

44.5 

V/* X 

51. 6 

<7 

59.4 

43.4 

} F3 

Z2 

TL, usual_ 

30.9 

26.9 

27.4 

35.8 

34.6 

33.1 

35.9 

40.2 

46.6 

34.6 

} rs 

V1 

TL, alternate. 

33.2 

27.9 

30.4 

37.6 

35.9 

32.4 

37.1 

42.9 

48. 7 

36.2 

A 1 

TL, usual___ 

32.3 

32.4 

33. 5 

34.0 

36.2 

36.2 

39.0 

41.6 

51.8 

37.4 


YO 

TL, alternate.. 

32.1 

29.9 

35.8 

32.2 

35.1 

35.4 

40.6 

42.9 

52.2 

37.4 

> r o 

A/ 

Units of absorption 













(Ai) __ 

51.9 

44. 6 

48.3 

48. 5 

55. 7 

66. 5 

65. 7 

82 0 

100 




Corrections__ 

5.2 

3.0 

2.7 

2.7 

2.3 

1.8 

1.8 

1.2 

-1.5 

2.1 



TL, usual.. 

13.0 

16.7 

16.1 

20.5 

21.8 

19.2 

20.5 

24.6 

29.7 

20.2 

l TPO 

Z1 

TL, alternate. 

15.0 

17.6 

17.2 

21.1 

22.1 

20.6 

21.3 

26.9 

30.7 

21.4 

/ F2 


Units of absorption 













(/la). 1 

51.5 

57.4 

117 

149 

182 

254 

289 

274 

281 




Corrections...i 

5. 1 

2.2 

0. 2 

-0.3 

-0.6 

-1.2 

-1.4 

-1.3 

-3.1 

0 



TL, usual... 

32.3 

32.4 

33.5 

34.0 

36.2 

36.2 

39.0 

41.6 

51.8 

37.4 

\ T71 

X2 

TL, alternate. 

32.5 

32.9 

33.3 

31.5 

35.2 

36.0 

40.4 

41.3 

50.8 

37.1 

/ H1 


TL, usual_ 

43.8 

46.6 

47.4 

47.7 

47.4 

49.9 

50.0 

52.1 

63.4 

49.8 

l TT9 

X3 

TL, alternate...i 

44. 1 

45.3 

42.5 

45.4 

43.2 

46.0 

46.2 

51.1 

62.5 

47.4 

/ Jcl Z 

/Vl J 

TL, usual.... 

35.2 

33.3 

22.3 

31.6 

31.3 

30.8 

37.7 

46.7 

54.9 

36.0 

} H3 

X4 

TL, alternate. ! 

32.3 

33.3 

25.7 

32.5 

30.2 

29.0 

36.8 

47.0 

53. 1 

35.5 


Units of absorption 













(/la)- 

166 

138 

724 

227 

233 

313 

234 

266 

675 




Corrections.! 

2.5 

-0. 1 

-2.2 

-1.0 

-1.0 

-1.5 

-1.3 

-1.2 

-3.8 

-1.1 



TL, usual_ 

43.8 

46.6 

47.4 

47.7 

47.4 

49.9 

50.0 

52.1 

63.4 

49.8 

\ Jl 

X3 

TL, alternate. 

42.6 

47.3 

43.3 

47.2 

45.7 

46.3 

47.7 

52.6 

65.5 

48. 7 



TL, usual_ 

35.2 

33.3 

22.3 

31.6 

31.3 

30.8 

37.7 

46.7 

54.9 

36.0 

1 J2 

X4 

TL, alternate. 

26.9 

31.5 

20.4 

32. 2 

29.8 

27.4 

37.3 

49.2 

54.4 

34.3 



TL, usual_ 

35.2 

33.3 

22.3 

31.6 

31.3 

30.8 

37.7 

46.7 

54.9 

36.0 

1 J3 

X4 

TL, alternate. 

29.8 

30.9 

27.5 

32.6 

30.2 

29.3 

37.5 

48.2 

52.8 

35.4 . 

1 


Units of absorption 













(A,) _ _ 

300 

374 

484 

748 

840 

550 

686 

748 

386 




Corrections. 

1.4 

— 1.7 

-2.0 

-2.3 

-2.3 

-2. 1 

-2.2 

-2.3 

-2.2 

— 1. 7 



TL, usual. 

29.2 

29.9 

25.6 

30.4 

30.5 

33. 5 

37.0 

46.4 

53.8 

35. 1 1 

► FI 

Z5 

TL, alternate. 

30.3 

28.2 

25.9 

32.0 

31.1 

34. 1 

39. 0 

46.0 

51.0 

35.3 J 



TL, usual. . 

7.9 

7. 5 

5. 2 

7.3 

8.6 

12.2 

14. 1 

18.5 

17.4 

11. 0 ) 

• FI 

Z4 

TL, alternate. 

5. 3 

6.3 

5.2 

5.4 

7.3 

13.4 

12.0 

16. 2 

1 1. 0 

9. 8 J 



TL, usual... 

35.2 

33.3 

22.3 

31.6 

31.3 

30.8 

37.7 

46.7 

54.9 

36.0 1 

• K1 

X4 

TL, alternate. 

30.1 

30.5 

23.0 

31.7 

30.6 

28.0 

36.2 

47. 1 

54.0 

34. 6 J 



TL, usual_ 

34.3 

26.4 

33.0 

36.8 

34.6 

37.4 

43.2 

50. 5 

56. 9 

39.2 ) 

► K2 

X5 

TL, alternate.. 

32. 1 

2S. 1 

27.6 

37.0 

33.9 1 

1 

36.3 

44.3 

51.2 

58.5 

38.8 J 

1 

i 



In table 2 the difference between the alternate TL and the usual 
TL is given. A minus sign indicates that the alternate TL was less 
than the usual TL. 

The average deviation of the differences between the average 
TjL’s as measured by the two methods is only 0.8 db, well within the 
experimental error. If these differences are averaged without .dis¬ 
regarding their signs, the average difference of —0.4 db is obtained 
for the average TL’s. It should be pointed out that the possible 
error in determining the average transmission loss of a panel is about 
1.5 db. Thus, tests J2 and J3 were made under identical conditions 
on the same panel, about 6 weeks apart. The two measurements 
differ by 1.1 db, perhaps owing to aging of the plaster. If two different 
panels nominally built in accordance with the same specifications 
are measured, the results may differ by as much as 2 db. In one 
extreme case at our laboratory there was a difference of 2.5 db. 
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Table 2. —Figures give the difference between the transmission loss measured by 
the pressure-microphone alternate method and that measured by the usual method 


Panel No. 



It may therefore be said that all the deviations are within the 
error of measurement except for test H2, where the deviation is 
2.4 db. This particular panel was constructed in two units with 
very little connection between the two. However, it is believed the 
difference is not due to this complexity of structure, since test Jl 
was made on the same panel and the deviation here was 1.1 db. 

Resonance effects at the lower frequencies, 128, 192, 256 c/s, cause 
a greater scattering of the data, the average deviation being about 
2 db. The value of the average difference indicates how well the 
individual differences scatter to either side of the usual value. The 
tendency to be a bit low is evident. On the average, however, eq 2, 
3, and 4 may be said to give results in very good agreement with those 
obtained by the usual method. 

Some important characteristics of the correction terms may now 
be considered. For example, for ^4 2 = 233 sabins and £=32.5 sq ft 
the correction is —1.0 db (from curve II, fig. 4). This is to be com¬ 
pared with the value of the correction one would need to use if the 
measurements were taken by the usual method. The correction 
from eq 1 has the value —10 log 10 (23.3/32.5) = — 8.6 db. It may be 
seen that the alternate-method correction in this case is much less 
than the usual-method correction. In fact, figure 4 shows that in 
the range of values 2 to 15 for A 2 /S, the correction varies only be¬ 
tween + 2 and —2 db for curve II. For field measurements, where 
an accuracy of within 2 db is usually satisfactory, the correction 
term may be neglected. Furthermore, if one is interested chiefly 
in the average of the nine transmission losses and not in the individual 
values, it is possible to get good results by using correction curve II 

for all frequencies since curves I and III deviate in opposite directions 
relative to II. 

When this is possible, a rough estimate of the ratio A 2 /S will suffice 
as the correction term is relatively insensitive to errors in ^4 2 /s! 
Another way of determining this ratio, without recourse to a reverbera¬ 
tion method of measuring ^4 2 , is to investigate the variation in pressure 
level with distance from the face of the panel (as in fig. 3, A to I). 
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Equations (see section IV) may be derived which will give the differ¬ 
ence in level between that at the face of the panel on the quiet side 
and the average level existing in the quiet room. These equations 
are: 


(PL)o 0 - 

- (PL) 2 = 

= 10 log 10 


= 128 c/s, 

(5) 

(PN)2 0 ” 

- (PL)o= 

= 10 log 10 ( 

^l/2^ +2 ), y = 

= 192 to 2,048 c/s (6) 

(PL) 20 “ 

-( PL) 2 = 

= 101og 1( Y 

3/8 ^ 2 +l), 

=4,09G c/s, 

(7) 


where all symbols have been previously defined. To test the validity 
of eq 5, 6 and 7, a series of measurements were taken on a number 
of panels. In each case the pattern in the quiet room was observed, 
curves similar to figure 3 (A to I) being drawn. From these curves 
the differences in level between that at the panel face and the level 
about which the curves begin to flatten (indicated by the dotted 
lines of fig. 3, A to 7) were obtained. These are indicated as the 
observed values of Adb in table 3. 



X5 

X5 

X5 

Z2_ 

X2 

X2 

X3 

X4 


X5 

X5 

X5 

Z2_ 

X2 

X2 

X3 

X4 
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The calculated values of Adb were obtained by substituting £=32.5 
sq ft and A 2 as determined from reverberation measurements in eq 
5 , 6, and 7; the three different room treatments represented in table 3 
correspond to the values of absorption A' j, A' 2 , and A\ of figure 3 
(A to /). 

In table 4 there is fisted for each frequency the average of the 
differences between the observed and calculated values of (PZ,) 20 — 
(PL) 2 given in table 3. Under the column “average deviation'' 
the absolute values of the differences have been averaged. 

Table 4. —Average deviation and difference for the data in table 3 


Frequency 

Average 

deviation 

Average 

difference 

c/a 

128 

1.6 

+0.3 

192 

1.3 

-1.1 

266 

2.0 


384 

1.1 

-1.0 

612 


-1.8 

768 


-0.6 

1,024 

1.1 

Mi 

2,048 

1.4 

+1.4 

4, 096 

1.4 

+1.4 


The similarity between the entries in table 2 and those in table 4 
should be pointed out here. In table 2 there is listed the difference in 
transmission loss as obtained by the alternate method and that 
obtained by the usual method. Designate this quantity as 
(Ti) A — (TL) V . For the middle range of frequencies one gets from 
eq 1 and 3 

(TL) A -(TL) V =(PL) 2 -(PL) 20 + 10 log^/2+2-0-10 log l0 (£) 

= 10 logio^l/2-^+2^ [( PL') 20 (PL) 2 ] 

But 10 logio^l/2^+2^ is the calculated value of Adb, while 

( PL) 2 q—(PL) 2 would be the observed value of Adb were ( PL) 2 ob¬ 
tained the same way in both sets of experiments. In the transmission 
measurements ( PL) 2 is the average level existing between 3 and 6K ft 
from the panel face on the quiet side, and it was observed only once 
under room treatment A\ and A' 2} while in the Adb measurements, 
( PL) 2 is obtained from the pattern curves and was observed over a 
wider range of variation in A 2 . The conclusion one may draw from 
table 4 is that the average level which is to be used in eq 1 is that 
about which the pattern curve begins to flatten out. To determine 
the region in the room where this happens, it is necessary to explore 
the sound field. It is then possible to determine the correction terms 
for eq 2, 3, and 4 by utilizing 5, 6, and 7 to determine A 2 /S from a 
measurement of ( PL ) 20 — ( PL) 2 . Thus, in figures 3 (A to I) the curves 
obtained for room treatment A\ were used to calculate the value of 
A\ and from this value of absorption the corrections to the alternate 
transmission measurements were obtained. 
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Two values of A' 4 are given, the upper one being obtained from the 
curves of figure 3 (A to /), the lower one from data taken on a different 
panel. The values check closely enough for the purpose desired, since 
the transmission loss corrections are relatively insensitive to small 
changes in absorption. Note, in particular, in figure 3 ( B ) the 
measurement of A' 4 at a free uency of 256 c/s. The absorption so 
determined seems considerably out of line with other values; 
however, as far as the transmission loss correction is concerned, the 
error made in it will be relatively small and unimportant. 

In section IV-1, expressions are given, eq 42, 43, and 44, in which 
A 2 js ' already has been eliminated from the equation for the trans¬ 
mission loss, so that the latter is only a function of the readily observ¬ 
able quantities (PL) 1 —(PL) 20 and (PL) 20 —(PL) 2 . 

In table 1, the corrections as determined from the A\ curves were 
used in tests Jl, J2, and J3. Also in table 1 the tests Fl, Fl', Kl, 
and K2 were made when the quiet side had the room treatment A' 6 . 

To get A' 5 , the absorption when the room was as absorbent as it 
could be made, the Norris-Andree 6 method was used. The decay 
curves so obtained could not be taken over a range greater than about 
30 db, the reverberation time being about 0.1 or 0.2 second. In most 
of the A' 5 curves, there is very little evidence of flattening out, in¬ 
dicating that a reverberant condition is not really formed. It was 
not possible to get agreement between the absorption as measured by 
the Norris-Andree method and from (PL) 2 0 — {PL) 2 of the pattern 
for the few curves which did seem to level off. This disagreement is 
probably due to the insecure basis on which both types of measure¬ 
ment rest, in the case when the room is so absorbent. 

So far there have been discussed only modifications in the usual 
method which are necessitated by the possibility of a nonuniform 
sound energy distribution on the quiet side. The noisy side has been 
neglected because it is usually possible to obtain a fairly diffuse sound 
field in the source room. However, under certain field conditions it 
may be somewhat difficult to do this. The pattern due to furniture 
or obstacles may be erratic, or absorption on the noisy side may per¬ 
turb the uniformity of sound level in the room. It would then be of 
advantage to restrict measurements on the noisy side to positions at 
the panel face. The question arises as to what correction should be 
applied in this case. 

Kellogg 6 has shown that a sound-level measuring arrangement— 
such as a pressure microphone, amplifier, and square-law rectifier (in 
which the deflection of the output meter is thus proportional to the 
square of the pressure amplitude of the sound wave)—would give, at a 
perfectly reflecting wall, a deflection twice as great as at a position 
away from the wall where a diffuse sound field exists. Thus a meter 
calibrated to read in decibels would read 3 db higher at the wall. 
To establish the validity of this conclusion, a series of measurements 
were taken on the noisy side in which the variation of pressure level 
with distance from the face of the panel was investigated. 

Figure 5 shows the results of this set of experiments. Four pressure 
microphones arranged to cover an area of about 2 sq ft were used, 
their outputs being commutated. There is still in evidence in the 


• J. Acous. Soc. Am., 3,361 (1932). 
« J. Acous. Soc. Am., 4 , 61 (1932). 
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vicinity of the panel face some kind of an interference pattern, even 
though a warble note and the rotating multiple speaker source of six 
loudspeakers were used. It is to be seen that if the average pressure 
level is taken as that existing between 2 and 6 ft away from the panel 
then there is, roughly, a 2.5 to 3 db increase for frequencies up tov= 
1,024 c/s. This increase is somewhat masked at the lower frequencies 
because of the nature of the pattern. At 2,048 c/s, the level increase 
deviates considerably from 3 db and at 4,096 c/s the level actually 
decreases, probably because of the fact that our microphone is not 
small enough. At the point of closest approach of the microphone to 
the wall, the diaphragm is actually centered over the minimum in the 
pattern, hence the drop in level. 

As a consequence of this series of data, it is believed that in tests 
where it is desirable to keep the pressure microphone immediately 
next to the test wall on the noisy side, a flat correction of about 2.5 
db should be subtracted from the average transmission loss. 

To recapitulate: In this section (III-l) there have been considered 
some of the important experimental facts associated with the problem 
of measuring sound transmission losses by the pressure-microphone 
alternate method. It has been indicated how this type of measure¬ 
ment eliminates difficulties arising from the nonuniformity of pressure 
levels experienced in test rooms. Another type of advantage accrues 
to this method in the case in which the ambient noise level is rather 
high or the partition is a very good sound insulator. It is clear that 
in the latter circumstances it is best to work at the panel face on the 
quiet side, as the pressure level is greatest there and an additional 
3 to 10 db, or even more, may be gained in this way. Under certain 
conditions the correction to be applied to the observed difference in 
level between the two rooms may be neglected, and for cases where the 
room is not too highly damped, the correction term may be determined 
without the necessity of any reverberation determination of A 2 . 
Furthermore, for laboratory measurements of transmission loss, 
certain precautions to be observed relative to placement of micro¬ 
phones under varying room treatments have been indicated. 

2. RIBBON-MICROPHONE ALTERNATE METHOD 

The ribbon-microphone alternate method has the great advantage 
that the observed difference in velocity level between the two rooms is 
independent of the amount of sound absorption in the receiving room. 
In table 5 are presented results on a number of panels which were 
tested by the ribbon-microphone alternate method. The absorption 
on the quiet side was varied from the case where the room was com¬ 
pletely bare to that in which the wall surfaces were completely covered 
with absorbents. The figures given in the table are the observed 
differences in level (where VL is a velocity level). It will be noticed 
that the spread in the figures in the average column was not as great 
as 1 db even though the absorption was varied through this wide 
range. To indicate the amount of absorption in the room, only the 
absorption at 512 c/s is listed. Under similar circumstances the 
observed level differences would have differed by 6 db in the case 
of the pressure-microphone alternate method. This is indicated in 
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the column labeled “average pressure-microphone alternate method 
correction”. (Compare average correction in table 1.) 


Table 5. —Independence of (VL )\— (VDao when measured by the ribbon-micro¬ 
phone alternate method of absorption in the receiving room 


Panel 

No. 

Test 

No. 

Ab¬ 
sorp¬ 
tion at 
512 c/s 
in 

sabins 

Average 
pressure- 
micro¬ 
phone al¬ 
ternate 
method 
correc¬ 
tion (db) 

Frequency (c/s) 

128 

192 

256 

384 

512 

768 

1,024 

2,048 

4,096 

A vg. 

X9_ 

X10.. 

Xll.. 

X12. 

JS8.. 

\S9-.. 

/S13. 

\S11. 

S16. 

<S17. 

S19. 

/S21-. 

.S20-. 

33.2 ' 
233 
33.2 
233 
33.2 
182 

840 

33.2 

840 

+4.4 
—1.1 
+4.4 
-1.1 
+4.4 

0 

-1.7 
+4.4 
— L 7 

26.1 
26.2 
19.4 

19.9 
21.2 

18.9 
19.6 
13.3 
10.8 

30.6 

32.2 
20.0 

21.2 
18.3 

17.1 

17.2 

19.3 
20.2 

29.9 
28.0 

23.2 
23.4 

20.2 

19.9 
20.0 

23.2 

23.3 

32. 6 

32.4 

26.4 
27.9 

31.4 
31.0 

32.4 
28.0 

27.4 

31.8 

31.7 

29.4 

30.4 

27.4 

27.4 

28.5 
30.4 

30.6 

33.0 

32.7 
34.0 

34.8 

34.6 
33.5 

34.7 
36.2 

35.8 

34.8 
35.2 
38.1 

38.8 
37.4 
37.0 

37.6 

41.6 
41. 1 

41.6 

41.6 

42.6 

43.6 

37.6 
40.0 
39.8 

45.6 
47.0 

44.3 

46.3 

50. 1 

52.4 

53.6 
61.2 

61.6 

33.9 
34.0 
29. 1 
30.0 

30.9 
30.8 
31.5 
33.2 
33. 1 


The results of th e experiments listed in table 5 may be readily explained. 
As has been indicated before, the sound energy density at the face 
of the panel on the receiving side may be considered to consist of two 
components, the direct component arising from sound energy radiated 
directly off the panel, and the reverberant component due to the re¬ 
verberant energy existing throughout the room. This latter com¬ 
ponent may be considered to consist of a great number of waves which 
strike the panel at random angles of incidence with random phases. 
For each wave which strikes a perfectly reflecting rigid wall, its com¬ 
ponent of particle velocity normal to the wall becomes zero at the 
surface of the wall. Hence when the ribbon (particle velocity) 
microphone is placed next to the panel face, the reverberant compo¬ 
nent will be attenuated, while the response to the direct component 
will not be affected. The diffuse component is discriminated against 
to such an extent that what the ribbon microphone measures is a func¬ 
tion only of the sound radiated from the panel. 

This discrimination is of the order of 18 to 20 db for most of the 
frequencies concerned, as a perusal of figure 6 shows. This series of 
curves was obtained by investigating the variation in velocity level 
with distance from the face of the panel on the noisy side, using the 
ribbon microphone of figure 2. It will be seen that at the panel face 
the response of the ribbon microphone to the reverberant sound field 
of the source room is greatly diminished. The noisy side is used in 
these experiments simply because in this case there is present only a 
diffuse component, so that this discriminatory effect may be investi¬ 
gated without the disturbing effect of the direct component. 

It will be noticed that the attenuation at 2,048 and 4,096 c/s is 
somewhat less than that obtained at the other frequencies. This is 
because the plane of the ribbon of the microphone should be relatively 
closer to the wall for the high frequencies, in order to obtain the same 
attenuation as at the lower frequencies. For example, some meas¬ 
urements with and RCA 44-A ribbon microphone, in which the 
ribbon element is mounted 2 in. from the external protective screen 
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Figure 6. — Variation in velocity level with distance from face of panel on noisy side. 

Zero decibels for each individual curve is entirely arbitrary. Frequency concerned hgi\en with each 

curve. 

showed that the reverberant component is only diminished to the 
extent of 10 db for the lower frequencies. It is also important that 
the sound waves have free access to both the front and back of the 
ribbon. Thus, in the RCA lapel microphone type All—4001—A, in 
which the ribbon is mounted about one-fourth inch from its face, 
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partial screening of the ribbon occurs at the back of the ribbon by 
the permanent magnet of the microphone, so that only 2- to 4-db 
reductions are obtained at 2,048 and 4,096 c/s. The ribbon micro¬ 
phone used to obtain figure 6 was designed to overcome these ob¬ 
jections. The ribbon is mounted about one-eighth inch from the 
face of the microphone and the back is entirely open, so that screen¬ 
ing of the ribbon is reduced to a minimum. These features are readily 
apparent in figure 2. 

The question next arises as to the relationship between the difference 
in level observed in the ribbon-microphone alternate method and the 
transmission loss of the panel. Table 6 furnishes experimentally de¬ 
termined corrections to be applied to the observed differences in level. 

Table 6. —Correction to be added to ( VL)\ — (VL)20 observed in the ribbon-micro- 

phone alternate method , to obtain transmission loss 



If the corrections given in table 6 are used, the ribbon-microphone 
alternate method will give transmission losses which are in agreement 
with those obtained by the usual method. The number of ribbon- 
microphone transmission-loss measurements involved in the prepara¬ 
tion of table 6 is 18, while the number of panels is 11. However, 
since three of the panels were similar to each other, the number of 
independent types of panels considered to be represented in the table 
is 9. These figures are given on a tentative basis, as it will be possible 
to obtain a more accurate set of corrections only after testing a larger 
number of panels. 

In the nine panels so tested, the average transmission loss of these 
panels as determined by the ribbon microphone (using the corrections 
of table 6) exceeded the usual transmission-loss determinations by the 
following number of decibels: +3.4, +0.8, +0.1, +0.1, +0.1, —0.7, 
— 1.4, —1.5, —1.8. The average deviation of these nine results is 
1.2 db. The reason for the somewhat large deviation of 3.4 db is not 
clear. 

Of course the corrections have been established only for the par¬ 
ticular ribbon microphone used for these experiments, so that one may 
ask whether they will hold for any other ribbon microphone. It is 
believed that they are valid for any microphone in which the ribbon 
is mounted so that it may approach sufficiently close to the vibrating 
wall. The criterion for being “sufficiently close” is determined by 
the amount of attenuation the reverberant component will suffer 
(see fig. 6). For most rooms this discrimination should amount to no 
less than 10 db. To check this point, some TL measurements were 
taken with a quite different type of ribbon microphone, the RCA lapel 
microphone (type MI-4001-A). It is clear that from the objections, 
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described previously, to the use of this microphone in the alternate 
method, the TL measurements at 2,048 and 4,096 c/s would not be 
reliable. In table 7 the results obtained with the two ribbon micro¬ 
phones are compared. 

Table 7. —Comparison of results obtained with two different ribbon microphones 


Frequency 

Shure Bros, 
ribbon 

Lapel 

ribbon 

c/s 

db 

db 

128 

5.2 

5.5 

192 

17.0 

14.4 

256 

19.9 

21.6 

384 

26.7 

28.0 

512 

27.8 

27.4 

768 

36.4 

35.4 

1,024 

38.1 

37.4 

2,048 

46.6 

49. 0 

4, 096 

47.2 

40.8 

Average... 

29.4 

28.8 


Significant differences occur only at 2,048 and 4,096 c/s. The 
average transmission loss for the frequencies 128 to 1,024 c/s is for 
the Shure Bros, ribbon 24.4 db and for the lapel ribbon 24.2 db, 
which is excellent agreement. 

The results of this section may be summarized thus: With the use 
of the ribbon-microphone alternate method it is possible to determine 
the transmission loss of partitions without a determination of the ratio 
A 2 /S. Experimental evidence has been presented to show that the 
ribbon-microphone measurements are independent of A 2 . Of course 
this holds only when the panel in question does not have a sound- 
absorbing treatment on its face, since in this case the amount of 
attenuation the reverberant component will suffer may be reduced 
considerably. The independence of the results of variations in the 
value of <8 follows from the fact that, because of the directional char¬ 
acteristics of the ribbon microphone and its proximity to the panel 
face, the response of the microphone arises from sound being radiated 
from a small area centered about the microphone. This point will 

be considered further in section V. . 

With the aid of table 6, the observed difference in level V L l —\ L 20 
may be corrected to give transmission losses in agreement with the 
usual method. 


IV. INTERPRETATION OF RESULTS 

1. PRESSURE-MICROPHONE ALTERNATE METHOD 


In this section it is proposed to derive eq 1 to 7. 

Let us consider the deduction of eq 1. 

Assume a reverberant room in which there is a imiform energy 
density, E. At what rate will energy strike a unit area of the wall? 
The total amount of energy contained in dV (fig. 7) is EdV , and this 
amount of energy is radiated by dV in all directions. Hence the 
amount of energy which will ultimately reach dS is 


da 

4 7T 


EdV , 


( 8 ) 
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where dU is the solid angle subtended by dS at point P 

dS cos 0 


dV 


R 2 

R sin 6 d<j> RdddR 


( 9 ) 

( 10 ) 


The rate at which energy strikes dS is given by 

EdS 


4ndt 



cdt 



cos 6 sin dd0d<t> dR , 


(ID 


since all the energy within a distance cdt , where c is the velocity of 


sound, will hit dS in time dt. 
eq 11 and dividing by dS , 
one obtains the amount of 
energy, J , which hits a unit 
area of the wall in unit time 


Upon carrying out the integration of 


J 


Ec 


( 12 ) 



Thus, if Ei is the sound- 
energy density in the source 
room, then the rate at which 
energy is incident on the 
panel on the noisy side is 
( EicS)/4 . The rate of en¬ 
ergy transmission into the 
receiving room is ( tEicS)/4 :, 
where i is the transmissivi¬ 
ty—that is, the fraction of 
energy incident on S in the 
source room, which is trans¬ 
mitted into the receiving 
room. 

If a room has a source of 
power, P, present, then in 
the steady state the amount 
of sound energy absorbed by 
the walls per second must 
equal the rate at which sound 
energy is introduced into the room—that is, JA — P , where A is the 
total absorption of the room. Thus, from eq 12 the energy density 
in the steady state is 

4 p 

( 13 ) 

The energy density in the receiving room, E 2) is then 

p_ 4 tE.cS-tE.S 

E * cAl 4 zr (14) 

The deduction of eq 14 is similar to one given by Buckingham. 7 

Equation 14 may be put in the form 

10 logi 0 ^-^=10 1 °&io^£t^+10 (15) 


1 Sci. Pap. BS 20 , 193 (1925) S506. 
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The term 10 log 10 (1/r) is the transmission loss, and 10 log 10 ( Ei/E 2 ) 
is equal to L x — Z 2 , the difference in sound level between the two 
rooms, so that eq 15 is just eq 1 written in a somewhat different fashion. 

It is to be noted that in setting L 1 —L 2 = 10 log 10 (EJE^) we have 
assumed that the sound lever meter indications are proportional to 
the energy density in the sound field. Of course, what is really meas¬ 
ured, if a pressure microphone is used, is the time average of the 
square of the excess pressure. However, if the sound field is truly 
diffuse—that is, uniform energy-density distribution exists—then the 
disturbance at any point may be considered to arise from the super¬ 
position of a large number of plane wave trains with random phases 
and with all directions of propagation equally probable. Rayleigh 8 
has shown that for n vibrations of the same frequency, and with phases 
distributed at random, the mean value to be expected for the square 
of the resultant amplitude is the sum of the squares of the amplitudes 
for each individual vibration, so that the square of the resultant pres¬ 
sure amplitude indicated by the sound-level meter is equal to the sum 
of the squares of each individual pressure amplitude. The energy 
density in a plane wave is proportional to the square of the pressure 
amplitude of the wave. Since P 2 (pressure amplitude squared) of 
each wave is additive, the resultant P 2 is proportional to the sum of 
the energy density in each individual wave train. Hence, under the 
condition of a diffuse sound field, the sound-level meter indications are 
proportional to the energy density. 

If, however, the distribution of sound energy is much different 
from the diffuse condition, the relationship between the P 2 which is 
measured and the energy density is somewhat difficult to state. To 
get a more accurate treatment of transmission problems, it would then 
be necessary to calculate the value of P 2 for each point in the room. It 
is clear that such a calculation is quite formidable, especially when it 
is considered how very different in physical properties the panels 
(which act as the source of sound for the quiet side) may be. The 
energy-flow treatment involving the measurement of the transmission 
loss with the aid of a pressure-actuated device is then to be considered 
as an approximate method of dealing with this problem. The 
beauty of the energy-flow treatment is that it gives an answer which is 
sufficiently accurate for most purposes, and eliminates the necessity 
of making a detailed calculation of the pressure wave in both the 
source and receiving rooms. In the development of equations 2 to 7 
the energy-flow method will be used. 

First, the energy density at the panel face due to the energy radiated 
from the panel will be calculated. 

As the simplest assumption to make, it will be assumed that the 
panel radiates in such a fashion that the energy density is uniform over 
its face, except at the boundary edges of the panel. A more extreme 
case of this assumption is that of an infinite panel which may be 
assumed to radiate so that the whole (free) space which it bounds has 
a uniform energy-density distribution. Such a sound field, however, 
is not entirely diffuse, since only half the total possible directions of 
flow are permitted; that is, the energy can flow away from the panel 
only. This means that the total amount of energy which will strike 
unit area per second when placed in such a sound field will be Ec [2 as 


8 Theory of Sound, vol. 1, 2d ed., sec. 42a, p. 36-42 (Macmillan and Co., London, 1894). 
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compared to Ec/4 for a completely diffuse field; an element of volume 
such as dV can radiate into a solid angle of 2tt for the former as com¬ 
pared to 47 r for the latter. 

Hence, 

J'=% C > (16) 


the primes referring to the state in which the energy flow is “half” 
diffuse. This immediately leads to the conclusion that if the panel 
radiates «/' units of energy per unit area per second, the energy density 
will be E'=2J'/c. 


For a panel of finite size, if E 0 is the energy density at the panel face, 
and J 0 is the rate of energy emission per unit area, then 


E r 


2</ 0 


(17) 


for positions not too close to the edges of the panel. 

What has been assumed then is that the uniform and diffuse energy 
density on the noisy side, after being attenuated by the panel, reap¬ 
pears on the quiet side as a uniform and “half” diffuse energy density. 
That this is a plausible assumption is evident from a theorem first 
proved by Schoch , 9 which states that for sufficiently high frequencies 
above the fundamental frequency of a vibrating plate, the distribu¬ 
tion of amplitude of vibration over the face of the plate is directly 
proportional to the distribution of driving pressure. Any diffuse 
distribution of energy incident on the panel face causes an exact 
image displacement of the panel so that a uniform energy density 
at the noisy face of the panel is duplicated at the quiet face. Of 
course, the use of this assumption at low frequencies and on complex 
partitions is justifiable onty if the equations derived agree with the 
experimental results. 

A modification of eq 11 gives as the rate at which energy is incident 
on dS from the solid angle included between 0 and 0+dd , in a uniform 
“half” diffuse sound field ’ 


EcdS 


2 TV 


cos027rsin ddd. 


(18) 


The s °lid angle included between 6 and 6+d9 has the value 2 7 r sin# 
dd. Hence the total amount of energy reaching dS per second from 
the solid angle included between 6 and 6+d6 is proportional to cos 6 
If one reverses the reasoning and thinks of the area dS as radiating to 
reproduce this uniform “half” diffuse sound field, then it follows 
that the amount of energy radiated between 6 and 0+dd is proportional 
to cos 6. Tins is the analog of Lambert’s law in optics, which states 

“tlA g - l0W T P i i G ? Ust proportional to cos 0 , at an 

a ngle 0 , in order to look equally bright in all directions. 

Using Lamberts law, eq 17 may be derived now in a more direct 
manner • 


• Akustische Z. 2 , 113 (1937). See also English summary in J. Acous. Soc. Am. 9. 168 (1937). 
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Consider the element of area dS radiating according to the cos 0 
law (fig. 8). 

Let «/n=T“= energy radiated per second per unit area per unit 

solid angle between 12 and 12+dl2, 

J o == total energy radiated per unit area per second, 

B=& constant to be determined. 


Then 


so that 
Therefore, 


JndQ=B cos 6 2tt sin Odd , 

r*i2 

Jn= I Jndn=B2ir I cos 0 sin Odd 


o— Jndn 



B-= 


Jo 


7 r 


JndQ.=2j 0 cos 0 sin Odd 



Figure 8 


(19) 

( 20 ) 

( 21 ) 

( 22 ) 


The contribution of dS to the energy density Eds(R> 0) pomt 
P(R , 0) is the total amount of energy which flows into the volume ol 
the ring, 2tt R 2 sin OdOdR in the time dR/c, from the elementary 
area dS. 


J od!2 


dR 


w m ti\ _ dS 

Eas (xv, 0) 2sin e d 0 d R c ao > 


or 


E&s(Rf 0 ) 


Jo cos 0 jq 

7-jo flOi 

7 TCR Z 


(23) 
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Consider a vibrating, circular plate (fig. 9) of radius a . The total 
energy density, at a point Q located on the polar axis of the disk, due 
to contributions from all elements is 


But 


R 2 = 

=r 2 +Z 2 . 

Whence, 


2RdR= 

=2 rdr 


E(Z) = 

2J 0 


so that, 


Jz RR 2 

E{Z) = 

CM 

II 

1 /— 
a-y 1 + 



Figure 9 




For corresponding to measuring E immediately next to the 

panel, or having the disk much larger than the distance from the panel 
to the observation point, 



which is identical with eq 17. If the energy density is measured at 
Z= 0, the result may be expected to be the same no matter what the 



1 \ ot. 26 
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boundary is—circular, rectangular, or otherwise. Also, positions not 
too far removed from the polar axis should give approximately the 
same value for E 0 . 

For high-frequency excitation of the panel, in the neighborhood of 
4,000 c/s, it was found that the Lambert law does not hold. To get 
agreement with experiment, it was found necessary to assume that 
the radiation follows a more directional law, the directionality factor 
being cos 2 #, instead of cos#. Equations analogous to those derived 
for the Lambert source (eq 19 to 25) will be derived now. 

The amount of energy radiated per second per unit area in the 
solid angle between 12 and 12+oK2 is given by 



J n d£l = 2irB cos 2 # sin # dO 

(26) 


f T/a 

J 0 =2ttB 1 cos 2 # sin # dd 

Jo 


Whence 

b=£zJ 0 > 

(27) 

or 

JndQ = 3J 0 cos 2 # sin # dd. 

(28) 

So 

e„ b (R, °)=Wc CJ 7T dS ' 

(29) 


For a circular plate of radius a, there is obtained for the energy 
density at a distance Z measured along the polar axis 


E(Z) 


3 Jq C da 2 +Z* COS 2 # 



R 2 


RdR 


3 J o[~ 1 _ 

2 cL a 2 


Z 2 



(30) 


If the measurements be confined to distances Z, such that Z<$C<z, 
then 


En = Z 


3 Jq 


2 c 


(31) 


To recapitulate, if the vibrating panel is considered as a collection 
of simple sources, which radiate directionally according to a cos # law, 
then Eq=2J 0 /c. If the radiation is even more directional, that is, the 
proportionality factor is cos 2 #, E 0 = (3/2) (Jo/c).. It is to be noted 
that for the most directional type of wave possible, that is, a plane 
wave, E 0 =Jo/c. 

So far the discussion has been limited to the direct component only. 
The reverberant or diffuse component has the energy density, E 2f 
given by eq 14. This diffuse energy, E 2) exists throughout the whole 
room. Hence at the panel face the energy density would be E 0 -\~E 2 . 
However, it has been shown in section III—1 that the pressure level 
at the panel face on the noisy side is roughly 3 db higher than the 
pressure level out in the center of the same room (fig. 5). Hence, if 
the pressure-microphone readings out in the center of the room are 
proportional to the energy density, then at the panel face its readings 
are proportional to twice the actual energy density. This is also 
true for the diffuse component on the quiet side. Hence if E 20 is the 
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energy density indicated by the pressure microphone at the panel face 
on the quiet side, one obtains 


£20 — Eo 4" 2 Ei. 



Thus, for the Lambert region where eq 17 holds, 

E w =£^+2E 2 - (33) 

But Jo, the amount of energy emitted per unit area per second from 
'the radiating surface, is given by 

Jo=~ (34) 


where £ t c/4 is the rate at which energy is incident on unit area of the 
panel on the noisy side. Substituting for J 0 , and for E 2 from eq 14, 
one gets 


E 


or 


20 


1 


tE x 2 tS 
H— —Ex. 


Ex_(\ 

£ 20 \ 2 




Taking 10 log 10 of both sides, there is obtained 


10 


log 10 (j) 


10 logm 


(t|o) + 10 l0g, °(5 


+ 2 


s 

A 9 


(35) 


(36) 


10 log 10 (l/r) is the transmission loss, and 10 log 10 (£i/£ 20 ) is the ob¬ 
served difference in pressure level (PL)i — ( PL) 20 . Hence eq 36 is 
identical with eq 3. For the cos 2 6 region where eq 31 is valid, the 
microphones are too large to be able to get sufficiently close to the 
panel to have the sound level of the diffuse component increase by 
3 db (Compare *> = 4,096 c/s of fig. 5). Therefore, 


and 


r £ 20 \8 Ai) 


(37) 

(38) 


Taking 10 logi 0 of both sides of eq 38, eq 4 is obtained. As already 
indicated in section III—1, best agreement is obtained with, experiment 
by using eq 3 at frequencies ranging from 192 to 2,048 c/s, and eq 4 
at the frequency of 4,096 c/s. 

The lowest frequency, *>=128 c/s, is in a difficult region where the 
radiated wavelength is comparable to the dimensions of the panel and 
the dimensions of the room. The wavelength at 128 c/s is 8.8 ft; 
dimensions of the sound-transmitting surface about 6K by 5 ft; dimen¬ 
sions of the receiving room about 9 by 12 by 16 ft. The mean free 



volume of room 
total wall area 




thus less than the wavelength, being 7.7 ft. 
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One might, therefore, expect very little randomness in the resultant 
steady state in the room. In deriving eq 2, it is assumed that con¬ 
ditions deviate from random to such an extent that the pressure wave 
radiated from the panel is in phase with the pressure wave which 
originates in the room proper. If P R is the pressure amplitude at the 
panel face of the resultant wave, P that of the direct wave, and p 
that of the “diffuse” wave, then 

P R 2 =(P+^2p) 2 . (39) 


The factor -y/2 in front of p is in accord with Kellogg’s 10 result that for 
a diffuse component the square of the pressure amplitude is twice as 
great at the wall as that at a position away from the wall. It is as¬ 
sumed that P R 2 is proportional to E 2 o, P 2 to E 0 =rEi/2 of the direct 
component and p 2 to E 2 =tE\S/A 2 of the diffuse component, the pro¬ 
portionality constant being the same for all three. 

Thus, 




or 



(40) 


Equation 40 is to be considered as an attempt to weight properly the 
relative influence of the standing wave system in the room and the 
diffusing nature of the many reflections the sound experiences at the 
walls of the room. Other attempts to take into account these two 
factors were not as successful as eq 40 insofar as agreement with 


experiment is concerned. # . 

Upon taking 10 log 10 of both sides of eq 40, eq 2 is obtained. It is 
to be remembered that in accordance with its method of derivation, 
eq 2 only holds when the mean free path of the receiving room is of 
the same order of magnitude as the wavelength of the sound emitted; 
if the room is quite large, it is probable that eq 3 should be used. 

Substituting for Ei in terms of E 2 from eq 14, one obtains Irom 

eq 40 _ 


which is simply a different form of eq 5. Similarly, eq 6 and 7 may 
be obtained by using eq 14 to eliminate tE x from eq 35 and 38, respec- 

SM 2 is eliminated from eq 40 with the aid of eq 14, one obtains 
an expression for 1/r (eq 42) which is a function of two readily observ¬ 
able ratios, namely, EfE 20 and E 2 /E 20: Similarly, from eq 35 and 
38, eq 43 and 44, respectively, are obtained. 



v=128 c/s. 




10 J. Acous. Soc. Am. 4. 61 (1932). 
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E± 

1 1 E m „= 192 to 2,048 c/s. (43) 


1 3 E\ n 

^=4,096 c/s. (44) 


Equations 42, 43, and 44 are the analytic formulation of the experi¬ 
ments in section III—1, in which it is pointed out that transmission-loss 
measurements could be made without a knowledge of A 2 /S if, in 
addition, the quantity (PL) 20 —(PL) 2 is measured. 




2. RIBBON-MICROPHONE ALTERNATE METHOD 


The fundamental problem here is to calculate the correction terms 
given in table 6. Is it possible to compute the correction terms by 
a procedure analogous to that used in deriving eq 2, 3, and 4? Such 
a calculation must first compute the response of a ribbon microphone 
when used in a reverberant room, and second, its response when used 
in a position adjacent to the panel on the quiet side. 

The first calculation has appeared elsewhere in several places. 11 
The essential point is that for sound originating at an angle 0, the 
ribbon microphone will generate a voltage proportional to cos0. 
The response of the ribbon to the energy in the wave wall therefore 
be proportional to cos 2 0, since the energy in the wave is proportional 
to the square of the particle velocity. Hence, if the energy density 
in the room is E, the rate at which energy is indicated by the ribbon 
as striking the ribbon area dS, is 


EdS 


is r< n* r 

T* Jo Jo Jo 


cos 2 0 sin 0 dd d<t> dR 


Ec 


dS 


(45) 


Hence, if the energy density E is measured by a nondirectional micro¬ 
phone, a ribbon microphone will record it as E/3. 

For the second part of the calculation, reference is made to eq 23 
which gives the energy density at a distance R and an inclination 0 due 
to a radiating element dS. If a ribbon microphone is situated at the 

point (i?,0), it will indicate the energy density E ds (R } 0) where 


E dB {R, 6) = cos 2 e E as (R, dS _ 


cR 2 


(46) 


Consider now a vibrating circular plate. In a manner similar to 
eq 24, one obtains 


E{Z) 



-y/ai+Z* 
COS 3 0 

R 2 


2 TvRdR. 


(47) 
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For the position immediately next to the panel the energy density 
indicated by the ribbon is 



From eq 34 J 0 = (tEic/4). 

Furthermore, the energy density E x indicated by the ribbon on the 
noisy side is 


so that 


or 



pr _ 

El ~ 3 

(49) 

E 2 o=^tEi 

(50) 

101ogi ° (it) +1 ° logl0 (£) 

(51) 


The first term on the right-hand side of eq 51 is the actual difference 
in level observed, while the second term is a correction term and is 
equal to —3.0 db. Of course, this equation should be valid only for 
the Lambert frequency region; in the cos 2 0 region the correction term 
turns out to be —10 log 10 (16/9) = — 2.5 db. It will be observed that 
the figure —2.5 db agrees well with the —2.0 db given in table 6 for 
the frequency 4,096 c/s. However, in the Lambert region (the range 
from 128 to 2,048 c/s according to our pressure-microphone alternate- 
method measurements) there is only one frequency, 2,048 c/s, which 
agrees with the —3.0 db calculated. All of the other corrections ol 
table 6 are definitely in disagreement with the theoretical values. 

There are two possible sources of error in the above calculations. 

Equation 49, T2 l =EJ 3, may be in error. Fortunately, it is possible 
to check the validity of eq 49. The response of a nondirectional 
microphone, such as a sound-pressure microphone, may be compared 
to the response of the ribbon microphone, when both are 
reverberant room. If both microphones have the same response to 
a plane wave, the ribbon microphone should indicate the velocity 
level to be 10 log 10 3=4.8 db lower than the corresponding pressure 
level. The experiment was carried out by comparing^the response of 
the ribbon microphone with a pressure microphone (Western Electric 
Type 633A) under free-field, plane-wave conditions in the dead room 
at the National Bureau of Standards. From this the relative fre- 
quency-response characteristic of the two was determined. I he t 
microphones were then placed on the noisy side of our transmissio 
rooms and the difference in sound level indicated by the two was 
measured. The number of decibels by which the ribbon r ea °less 
than the pressure microphone after correction was made for the diner 
ing response-frequency characteristics is as follows. 


Frequency, c/s_ 128 192 256 

Decibels_ 2.8 4.5 3.0 


384 

4.5 


512 768 1, 024 2, 048 4, 096 

5.2 4.8 3.6 2.2 2.5 


Measurements at frequencies up to 384 c/s have a possible error of 
about ± 1.5 db; while the possible error for the other frequencies i 
about ±0.5 db. Thus all the figures are in rough agreement with the 
value 4.8 db except those at 2,048 and 4,096 c/s. Best agreeme 
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to be anticipated at these higher frequencies, since it is then that the 
sound field approaches the diffuse condition most closely. The ex¬ 
planation may be that at these frequencies the pressure microphone 
is becoming directional and its response is 5 to 10 db down for waves 
too far off from normal incidence. 

In attempting to account for the results in table 6, an impasse has 
been reached. While the sound-pressure data seem to be well-be¬ 
haved (in the sense that they accord with our analysis), the same 
cannot be said of the particle velocity measurements. One qualita¬ 
tive explanation is suggested by a perusal of table 6. The correction 
factor diminishes with increasing frequency, which corresponds to the 
fact that the velocity level as indicated by the ribbon when placed 
adjacent to the panel on the quiet side is greater than it should be, its 
excessive value also diminishing with increasing frequenc} 7 . This is 
just the behavior one gets from a ribbon microphone when one ap¬ 
proaches a point source with it. There is an inordinate increase in 
the particle velocity of a spherical wave over the pressure in the wave 
for positions close to the source, especially for the low frequencies. 12 
It is thought that possibly a similar phenomenon is occurring here,, 
even though the source is of such an extended nature as a wall. Dif¬ 
ferent elements of the panel emit spherical waves, but the vibration of 
the panel is of such a complex nature that a quantitative elaboration 
of this idea would seem to be difficult. 


V. FURTHER APPLICATIONS OF THE RIBBON- 
MICROPHONE ALTERNATE METHOD 


From the discussion in section IV, it will be evident that of the two 
components, direct and diffuse, only the latter depends on the ratio 
A 2 JS, the former being independent of this ratio. Since in the ribbon- 
microphone alternate method the response of the ribbon on the quiet 
side depends only on the direct sound, it follows that by this method it 
is possible to make transmission-loss measurements without consider¬ 
ing complications arising from the size of the wall or the nature of the 
receiving room. The room may be extraordinarily large, say the size 
of a large auditorium, in which case the wall under test will be large 
also. The wall may be even discontinuous in nature with different 
sections differing in construction. It will still be possible to determine 

the transmission loss, but the different sections will give different 
results. 

It is necessary to qualify the last statement somewhat. If two 
adjacent sections are too different in insulating efficiency, it is possible 
to obtain erroneous results. For example, suppose the energy radiated 
from one area is 30 db greater in level than that from another area 
The energy radiated from the wall forms a reverberant sound field out 
in the center of the room, which, let us say, is 5 db less in level than the 
direct component. This means that at the face of the section which is 
a poorer radiator, the reverberant energy will be 25 db larger than 
the direct energy. If the ribbon microphone attenuates the rever¬ 
berant component to the extent of 20 db, the result is that there will 
be a 5-db error in the transmission loss for the poorer section In 
case the room is relatively bare, the error will be even greater 


i a ?. lso “ and Massa > Applied Acoustics, 1st ed., p. 9 (P. Blakiston’s Son & Co 
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The decibel difference between the direct and reverberant com¬ 
ponent may be readily shown to be 10 log 10 (A 2 /2S). With the aid of 
this formula it is possible to determine the difference in level between 
different sections whose transmission losses may be ascertained with¬ 
out error. The more absorbent the room or the smaller the area in 
question, the larger the difference in transmission loss which can be 
measured. For an untreated room a common condition is one in 
which the ratio of absorption to surface area is equal to 1. In this 
case the direct component is 3 db less than the reverberant component. 
If the ribbon microphone discriminates against reverberant energy to 
the extent of 20 db, the resultant discrimination will be 17 db. This 
means that the transmission loss of sections differing by as much as 17 
db may be determined. This figure holds only where there is no 
appreciable direct feeding of sound into the microphone from the 
poorer section. These quantitative calculations will be wrong to the 
extent to which this phenomenon takes place. 

All of the above figures have to be modified because of a factor 
which has not yet been taken into account, namely, the fact that the 
discrimination of the ribbon microphone in favor of the direct sound 
is increased even more because the velocity level due to the direct 
sound is considerably greater than it should be, as the figures in table 
6 show. Since the theoretical value of these corrections in table 6 is 
— 3.0 db (r=128 to 2,048 c/s), the velocity level indications at the 
panel face on the quiet side are +3.0 db higher than the correction 
terms given in table 6 (relative to the predicted velocity level). Thus 
at 128 c/s there is an additional discrimination in favor of the direct 
sound of 11.2 db, which must be added to 15 db obtained at 128 c/s 
from figure 6, making a total discrimination of about 26 db. Similarly, 
at the other frequencies, 192, 256, 384, 512, 768, 1,024, 2,048, and 
4,096 c/s, the discrimination in favor of the direct sound is 28, 27, 25, 
28, 24, 21, 16, 12 db, respectively. No experiments have been carried 

out as yet to check these figures. ... 

Within the limitations indicated in the foregoing, the ribbon micro- 
phone may be used as a radiation pickup, 13 with certain obvious 

advantages over a vibration pickup. At no time oe ®. .® , 

phone touch the radiator, so that the vibration characteristics of the 
body are not disturbed as sometimes happens in using a vibration 
pickup What is measured is the sound radiated directly from the 
vibrating body, which is usually a quantity of primary interest On 
the other hand, a determination of the vibration amplitude, velocity 
or acceleration has an uncertain relationship to the sound which is 

1 a Thf^ribbon microphone when used as a radiation pickup has one 
other advantage over a vibration pickup. The variation m velocity 
level between different positions over the panel face is much less than 
variations in level indicated by a vibration pickup. Thus, as a e cn 
eral observation, it may be stated that over the whole frequency 
range the maximum spread in velocity level obtained at the panel 
face with the ribbon microphone was usually less than 4 db but 
times as large as 6 or 7 db. This is to be compared with vibration 
pattern obtained on a 9-in. brick wall by Constable and Aston with 

automobile bodies. v ^ 

u Proc. Phys. Soc. (Ix>ndon) 48, 919 (1936). 
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a vibration pickup. Using a warble tone, the maximum spread in 
results was 13 db at 100 c/s, 12 db at 500 c/s, 21 db at 1,600 c/s and 
16 db at 4 000 c/s. The ribbon microphone thus acts somewhat like 
an averaging device in that its response depends on a region of the 
panel somewhat larger than that which influences the response of a 

vibration pickup. , ... , 

One proposed application of the ribbon microphone is concerned 

with its use in evaluating the resistance of floor construction to trans¬ 
mitting impact noises. No completely satisfactory method of deter¬ 
mining this physical quantity is now in use, as all measurements 
depend to some extent on room conditions. It is suggested that this 
type of measurement might rest on a more satisfactory basis if the 
ribbon microphone were used to measure the energy radiated directly 
from the panel, making appropriate use of the corrections of table 6. 
Of course, it would be necessary to take a frequency analysis of the 
noise resulting from the mechanical impact caused by the tapping 
machine in order to use these correction terms. The efficiency of 
the panel might be defined in terms of the ratio of the sound energy 
emitted on the noisy side to the mechanical energy of the exciting 
hammer blow. Further work in this direction is contemplated. 
P Haller 15 has given a discussion of this question along similar lines. 


The development of the multiple loudspeaker unit and the com¬ 
mutating device used with the amplifier is due in large part to V. L. 
Chrisler and W. F. Snyder. S. Greenman assisted in carrying out 

some of the measurements. 

Washington, January 31, 1941. 


14 Akustischc Z. 4, 370 (1939). 
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METASTABILITY OF CADMIUM SULFATE AND ITS EFFECT 

ON ELECTROMOTIVE FORCE OF SATURATED 

STANDARD CELLS 

By George W. Vinal and Langhome H. Brickwedde 


abstract 

Both solubility and electromotive force measurements are concordant in 
fixing the transition temperature of CdS0 4 .8/3H 2 0 to CdS0 4 .H 2 0, at 43.4°C. 
Previously the transition temperature was generally believed to be 74° C. Cells 
recently were made with each modification. Their respective electromotive forces 
differ except at the transition temperature, where they, as well as the solubilities, 
are equal. The temperature coefficient of cells containing CdS0 4 .H 2 0 was found 
to be positive, whereas the temperature coefficient for cells containing the ordi¬ 
nary salt CdS0 4 .8/3H 2 0 is negative, as is well known. Both hydrates tend to 
persist in a metastable state, and measurements can be made over a wide range of 
temperatures. The free energy changes of the cells are discussed, and some 
practical applications for the cells are described. 
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I. INTRODUCTION 

Contrary to the generally accepted opinion, the transition point of 
cadmium sulfate from CdS0 4 .8/3H 2 0 to CdS0 4 .H 2 0 occurs at a 
temperature much below that stated in the literature [l] 1 dealing 
with standard cells. For more than 40 years this transition point was 
believed to be about 74° C, which is safely above any reasonable 
temperature at which standard cells might be used, and also above 
any necessary temperature for the preparation of the crystalline salt 
Apparently the value 74° C, reported in 1897 by Mylius and Funk 
[1], is the basis for many of the statements made by other authors 
who wrote at a later date. 


» Figuros in brackets indicate the literature references at the end of this paper. 
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Other papers written without reference to standard cells have 
indicated anomalies in the behavior of cadmium sulfate. Thus 
Hofman and Wanjukow [2] concluded, as a result of heating cadmium 
sulfate in a muffle furnace, that some water is separated from CdS0 4 . 
8/3H 2 0 at 30° C or below and additional water is separated at 41° C. 
Carpenter and Jette [3] in the course of vapor-pressure measurements 
found indication of a discontinuity in their curve for the salt at about 
41.5° C and concluded that this was a transition point. 

Reasons can be advanced for the uncertainty in determining the 
transition temperature. They are based largely on the somewhat 
unusual properties of the salt in solution. Cadmium sulfate, CdS0 4 . 
8/3H 2 0, is slow to go into solution, although it is very soluble. The 
monoh 3 r drate, CdS0 4 .H 2 0, whose solubility decreases with rising 
temperature, is even slower in crystallizing out of solution. Both 
salts tend to form supersaturated solutions, and considerable time is 
required to attain saturation equilibrium. In the light of our present 
experience, we think that M 3 dius and Funk allowed insufficient time 
for the transition to occur. They reported agitating the solutions for 
1 hour. We have found, however, that solutions containing the meta¬ 
stable phase may be agitated at 45° C for a week or more without the 
appearance of the stable form. The time requiied for the metastable 
form to be converted into the stable form decreases as the temperature 
is raised. At 74° or above, the time is probably reduced sufficiently 
for the transition to occur under conditions of their experiment. 

Metastable states of the Clark standard cell (zinc cell) were recog¬ 
nized many years ago [4]. In this cell the transition from ZnS0 4 .7H 2 0 
to ZnS0 4 .6H 2 0 occurs at about 39° C, as shown by both solubility 
and emf data. The fact that such a cell might have two differing 
electromotive forces at a specified temperature was considered an 
objection to its use as a standard of emf. 

Several early investigators believed that irregularities which they 
observed in cadmium standard cells at about 15° C were caused by a 
transition of the cadmium salt. Subsequently, it was shown by others 
that this was the result of using too high percentages of cadmium in 
the amalgam, which undoubtedly consisted of the solid phase alone 
at this temperature. No further discussion of this point is warranted 
here, but reference may be made to a short summary given by v\olff 
and Waters [5]. Aside from this discussion about 40 years ago, it has 
generally been believed that the saturated Weston cell was not subject to 
irregularities resulting from metastable conditions of the cadmium salt. 

The fact that the present work shows that the transition point for 
cadmium sulfate is only 4 or 5 degrees higher than for zinc sulfade 
should not be interpreted as being a serious objection to the use of the 
cadmium cells. The National Bureau of Standards has for years 
cautioned users of standard cells not to subject them to temperatures 
higher than 40° C. Forty degrees is above any ordinary operating 
temperatures for the cells; but what is more important, the newly 
determined transition temperature fixes an upper limit for the prepara¬ 
tion of the crystallized salt. Exposure of cells to temperatures above 
the transition point does not necessarily mean that the cells will be 
seriously damaged. Experiments indicate that the usual form ol 
crystallized salt persists in a metastable state considerably above the 
transition temperature. During the past 16 years several groups ol 
saturated cells which had been grossly overheated have been tested. 
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Some of these had abnormal emf, while others were apparently not 
damaged. 

Another hydrate of cadmium sulfate of somewhat uncertain compo¬ 
sition was reported by Mylius and Funk to exist at temperatures of 
0° C or below. They report this to be CdS0 4 .7H 2 0. We have made 
no study of it. 

In this paper it is shown that solubility and emf measurements are 
concordant in fixing the transition temperature of CdS0 4 .8/3H 2 0 to 
CdS0 4 .H 2 0 at 43.4° C. Cells made with each of these hydrates are 
compared. Electromotive forces of such cells differ except at the 
transition point. The monoliydrate salt produces cells with a positive 
temperature coefficient in contrast to the others which haveanegative 
coefficient. Solubilities in the metastable condition are higher and 
resulting emf lower than when the cells contain the stable modifica¬ 
tions. Free energy changes of the cells are discussed. 

II. EXPERIMENTAL PROCEDURE 

1. SOLUBILITY DETERMINATIONS 

The solubility determinations are a part of a larger project involving 
the determination of solubilities in ordinary water and in deuterium 
oxide. These measurements were a necessaiy preliminary to the 
construction of cells containing high percentages of D 2 0. The meth¬ 
ods and results will be given in greater detail in another paper on the 
deuterium cells. For the present purpose, it is sufficient to state that 
widely different results for the solubility of cadmium sulfate in normal 
water at 50° C agreed no better after many repetitions in various 
temperature-controlled air and water baths. Samples of the crystals 
were examined microscopically by C. P. Saylor, who reported two 
modifications to be present. Throughout the course of the work 
Dr. Saylor kindly examined many samples for us, and his reports have 
been an indispensable guide in the conduct of this work. 

Gravimetric determinations to identify the crystals of the solid 
phase were made, and the modification stable at the higher tempera¬ 
tures was found to be CdS0 4 .H 2 0, while that which is stable at the 
lower temperatures was found to be CdS0 4 .8/3H 2 0. By seeding the 
solutions with the proper kind of crystals, reproducible results could 
be obtained if certain obvious precautions were taken. 

' Analyses of the various solutions were made by evaporating 
samples to dryness and weighing the salt as CdS0 4 after it had been 
dehydrated at a temperature of 650° to 700° C in a muffle furnace. 
A trace of S0 3 was always present in the atmosphere of the furnace to 
prevent any possible decomposition. 

2. CONSTRUCTION OF CELLS 

The cadmium salt was a purified sample prepared for making 
standard cells. This was dehydrated in a muffle furnace, and sub¬ 
sequently the monohydrate crystals were grown in a solution at 85° C. 

Some variations in the usual method of making the cells were 
necessary because of the metastability of CdS0 4 .H 2 0 at ordinary room 
temperatures. To have washed the mercurous sulfate in a Gooch 
crucible with the saturated solution of this hydrate might have re- 
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suited in seeding the paste with the other kind of crystals. A proce¬ 
dure sometimes used by Wolff and Waters [6] many years ago was 
followed. Mercurous sulfate for all the cells was washed with abso¬ 
lute alcohol and then with dried ether. Paste for two cells containing 
CdS0 4 .8/3H 2 0 was then prepared in the ordinary manner at room 
temperature. For the two monohydrate cells it was necessary to 
keep the materials hot. This was done in an oven with the thermostat 
set for 85° C. The paste was prepared from the mercurous sulfate, the 
hot saturated solution, and crystals of CdSOi.H^O. The paste was 
introduced as quickly as possible into the cells, which also had been 
heated. Blanks with ground-glass stoppers were used, and these were 
sealed with collodion. 

3. TEMPERATURE CONTROL OF THE CELLS AND MEASUREMENT 

OF ELECTROMOTIVE FORCE 

The cells were placed in an oil bath with thermostatic control, 
variations from any specified temperature amounting to about 
±0.05° C. The emf measurements at various temperatures were 
made directly against the Bureau’s reference cell, which is a part of the 
primary standard of emf maintained always at 28° C. When the dif¬ 
ferences in emf of the cells under test from the reference cell were not 
more than 0.002 volt, the readings could be made on the comparator 
described by Brooks [7]. Otherwise, measurements were made on a 
Wolff potentiometer. 

Because of slight variations in temperature of the oil bath and the 
large temperature coefficient of cells containing the high-temperature 
modification of CdS0 4 , the emf readings are significant to about 10 
microvolts. This, however, is sufficiently accurate for the present 
purpose. 

Temperatures of the oil bath -were read on a calibrated mercury 
thermometer which had a range of —11° to +53° C, graduated to 
tenths of a degree. Ml corrections, including that for the emergent 
stem, have been applied. 

Successive measurements at decreasing temperatures could be made 
rather quickly as the cells had little hysteresis. Many exploratory 
observations were made, but these have been omitted from table 2, 
which is limited to the observations for which ample time was allowed 
for equilibrium conditions to be attained. Rising temperatures, how¬ 
ever, resulted in considerable hysteresis of the cells containing the 
monohydrate salt. This is further discussed in later paragraphs. 

III. EXPERIMENTAL RESULTS 

1. SOLUBILITY MEASUREMENTS 

Determinations of the solubility of both modifications of cadmium 
sulfate are plotted in figure 1, and values at regular temperature 
intervals read from the curves are given in table 1. All of the values 
are the result of measurements made during the present work, with 
the one exception of that at 10° C, which has been taken from the 
International Critical Tables [8]. This is marked ICT in the table 
and in the figure. No determination was made by us at this point 
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because of the difficulty in maintaining this temperature during the 
long period of shaking the solutions. 


Table 1 . —Solubilities of cadmium sulfate 


Temperature 

Solubility (mole of CdSO* 
per mole of IIjO) 

CdS0 4 .8/3H|0(s) 

. 

CdSOi.HtO(s) 

°C 

0 

0.0655 


10 (ICT) 

. 06555 


15 

.06566 


20 

.06583 

--- 

25 

.06607 


30 

.06642 


35 

.06693 


40 

. 06767 


43.4 

.06828 

0. 06828 

45 

.06860 

.06792 

50 

.06964 

.06686 

60 


0649 


The solubilities are expressed as moles of CdS0 4 in 1 mole of H 2 0. 
This is necessary as the other part of the work (not reported here) 
included similar determinations in D 2 0. Saturation equilibrium 



Intersections at 43.4° C indicate a transition at this temperature. 

was approached from undersaturated and supersaturated solutions, 
and care was taken to assure ourselves which crystalline form was 
present. This has necessitated discarding some of the earlier deter- ■ 
minations, especially those at 50° C, when erratic values were un¬ 
doubtedly caused by the presence of both crystalline forms. 
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Solubility curves of the two crystalline forms intersect at 43.4° C, 
which is therefore the transition temperature. This is confirmed 
by the measurements of emf. Measurements of the solubility of 
CdS0 4 .8/3H 2 0 have been extended above 43°, although the salt is 
metastable above this temperature. This can be done only under the 
condition that no other modification of the salt is present. Up to 
50° C the results fall on an extension of the curve for the solubility of 
CdS0 4 .8/3H 2 0 below the transition temperature. Either metastable 
modification is more soluble than the stable modification at the 
same temperature. 

\ osburgh and Eppley [9] determined the relation between emf and 
concentration of cadmium sulfate in unsaturated standard cells. 
By using their data, our observed differences in emf for the two kinds 
of cells, and the measured solubility of CdS0 4 .8/3H 2 0, it is possible 
to estimate the solubility of the metastable salt at temperatures 
below the transition point. For example, the calculated value at 
25° C is 0.0726 mole of CdS0 4 per mole of water. This value lies 
on a linear extension of the monohydrate curve of figure 1. It 
appears to be entirely possible to make measurements of the solubility 
of this salt in the region of its metastability, but this has not been 
done. 

2. ELECTROMOTIVE FORCE 

Wide differences between the emf of the two kinds of cells are 
apparent, except at the transition point, 43.4° C, where the emf are 
equal. The observed values are given in table 2 and figure 1. Curve 
1 in figure 1 is for cells containing the usual salt, CdS0 4 .8/3H 2 0. 
These cells are the ordinary saturated type. Above 43° C the cells 
are in a metastable condition. The general characteristic of these 
cells shows a decreasing emf with increasing temperature, that is, the 
temperature coefficient is negative. Particular values of emf read 
from the curve agree substantially with values computed from the inter¬ 
national temperature formula [10]. These cells are, therefore, repre¬ 
sentative of Weston normal cells, and they provide a satisfactory 
criterion by which to judge the monohydrate cells. 

Table 2. —Observed electromotive forces 
IValues are given in the order in which they were taken] 


Temper¬ 

Cells with CdSO<.8/3H s O(s) 

Cells with CdSO<.HjO(s) 

ature 






1 


No. 1028 

No. 1030 

Mean 

No. 1026 

No. 1027 

Mean 

°C 

Int. volt8 

Int. volts 

Int. colts 

Int. colts 

Int. colts 

Int. volts 

42. 90 

1.016986 

1. 017005 

1.016996 

1.016879 

1.016871 

1.016875 

47.87 

6619 

6625 

6622 

7659 

7693 

7676 

25.58 

8082 

8089 

8086 

3937 

3932 

3934 

18. 66 

8369 

8369 

8369 

2799 

2824 

2812 

20 07 

8323 

8324 

8324 




23. 56 

8173 

8182 

8178 

3578 

3569 

3574 

29. 66 

7850 

7855 

7852 

4638 

4637 

4638 

36.81 

7408 

7409 

7409 

5833 

5849 

5841 

43. 51 

6940 

6941 

6941 

6986 

6956 

6971 

4R Qfl 



6555 




Tto. nu 

49. 94 

VJUUv 

6475 

Udda 

6458 

6467 

8077 


8077 

43. 90 

6932 

6921 

6926 

7078 

7090 

7084 
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Electromotive forces of the cells containing G^Oi.HA which is 

noticeably lower in this range. For these the temperature coeffi 
is positive. The measurements on these cells could not be extended 
above 50° C, because of limitations imposed by the cadmium amalga 
employed in constructing them. This contained 10 percent of cadmium 
by weight. Such an amalgam at ordinary temperatures consists of 
both solid and liquid phases; but when the temperature is raised above 

50° C, the solid phase is completely converted into the liquid phase, 

andtheemf of the cells begins to fall rapidly. , , 

Electromotive forces at uniform temperature mtervals read liom 
the curves are given in table 3. 


Table 3 .—Electromotive forces of cells containing CdS0 4 .8/3H 2 0 and CdS0 4 H 2 0 


Temper¬ 

ature 

Electromotive force 

CdSO«.8/3HiO(s) 

CdSO*.HjO(s) 

°C 

Int. volts 

Int. volts 

20 

1.01832 

1.01300 

25 

810 

384 

30 

783 

468 

35 

751 

553 

40 

718 

638 

43.4 

605 

695 

45 

682 

723 

50 

649 

808 


3. TEMPERATURE COEFFICIENT 

The change in emf per degree change in temperature can be ob¬ 
tained from the curves plotted in figure 1. For the cells made with the 
usual salt, CdS0 4 .8/3H 2 0, values of the coefficient change with tem¬ 
perature. The international formula for the relation ot emt to 

temperature is 

E t =E 20 — 0.0000406(^—20°) — 0.00000095(£ —20°) 2 + 

0.00000001 (<— 20 °) 3 . 

Wolff’s work [11], on which this formula was based extended from 
0° to 40°C. It applies reasonably well, however, to 50° C. Beyond 
this point our values for the emf are not sufficiently reliable for a 
comparison to be made, the reason being uncertainty as to the condi- 

tion of the amalgam. 

The monohydrate cells have a linear relationship between tempera¬ 
ture and emf in the range of the measurements. Between 20° and 
50° C the formula can be expressed as 

E«=tf«.4+0.000173(<-43.4°), 

Where E t3 ., is the emf at 43.4°C, the equilibrium temperature for the 
two hydrates, and has the value 1.01695 international volts. 
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IV. THERMODYNAMIC DISCUSSION OF THE REACTION 

The chemical reactions which take place in the two cells may be 
represented by the equations: * 


Cd(amalgam) + ^ Wi _gyg^[CdS0 4 .ni 1 H 2 0](saturated soln) + 

Hg 2 S0 4 (s) ^(— ^ 1 8/3 )[CdS0 4 .8/3H 2 0] (s) +2Hg(l) (1) 

Cd (amalgam) + (^^j)[CdS0 4 .w 2 H 2 0] (saturated soln) + Hg 2 S0 4 (s) 

^(^Tl)[CdS0 4 .H 2 0](s)+2Hg(l), (2) 

where m, and m 2 are the number of moles of H 2 0 associated with 1 
mole of Cdb0 4 in saturated solutions of the respective salts. 

bince the free energy per mole of CdS0 4 is the same in the saturated 

U T° n aS in ^ 16 CI *y stal equilibrium with that solution, and since 
the free energy per mole of H 2 0 is the same in the solution as in the 
crystal, for considerations of free energy changes in the cells these 
complete equations may be simplified. 

Reaction 1 may be written as 

Cd (amalgam) + Hg 2 S0 4 (s) *=>2Hg(1) + CdS0 4 

, . (in saturated CdS0 4 .8/3H 2 0 soln), (la) 

and reaction 2 as 


Cd (amalgam)+Hg 2 S0 4 (s) <=>2Hg (1) + CdS0 4 

(in saturated CdS0 4 .H 2 0 soln). (2a) 

Equation la minus eq 2a gives 

CdS0 4 (in saturated CdS0 4 .H 2 0 soln)<=>CdS0 4 

(in saturated CdS0 4 .8/3H 2 0 soln). (3) 

The free energy changes accompanying these reactions are 

for eq 1, AF l = —2FE l 

for eq 2, AF 2 =—2FE 2 , and 

for eq 3, AF 3 = AF y — AF 2 = — 2F(E l — E 2 ). 

In these equations F is the value of the faradav and E l and E 2 are 
the emf of the CdS0 4 .8/3H 2 0 and CdS0 4 .H 2 0 cells, respectively. 
These are expressed as functions of the temperature in tables 2 and 3 
and by the equations on page 461. 

AF 3 is equal to the difference in the partial molal free energies of 
CdS0 4 in aqueous solutions, whose concentrations determined by the 
two hydrates in equilibrium with the solutions, are given in table 1 
and figure 1. 

At 43.4° C the emf of the two cells were found to be equal, that is 
Ei = E 2i which makes AE 3 = 0 and the compositions of the two satu¬ 
rated solutions the same at this temperature. It follows, therefore, 
from electrochemical data that at 43.4° C the two crystalline modi- 
fications, CdS0 4 .8/3H 2 0 and CdS0 4 .H 2 0, are in equilibrium with each 
other. The transition temperature determined in this way agrees to 
0.2° C with that determined directly by solubility measurements. 
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At temperatures below 43.4° C, E x is greater than E 2l and A F z 
therefore is negative. This means that at temperatures below 43.4° C, 
reaction 3 proceeds in the direction in which it is written and 
CdS0 4 .8/3H 2 0 is more stable than CdS0 4 .H 2 0. 

Since E x is less than E 2 above the transition temperature, A F 3 
in this range is positive and CdS0 4 .H 2 0 is more stable than 
CdS0 4 .8/3H 2 0. 

V. HYSTERESIS EFFECTS 

Hysteresis as a term applied to standard cells means abnormal 
temporary changes in emf resulting from abrupt changes in tempera¬ 
ture. This defect, rarely serious in new cells of the ordinary type 
containing CdS0 4 .8/3H 2 0, may 
become a more serious source of 
error in old cells. On the other 
hand, the monoliydrate cells ex¬ 
hibit large hysteresis effects even 
when new. When the tempera¬ 
ture of the cells is increased, 
hysteresis effects are usually neg¬ 
ligible in the ordinary type of cell, 
but a month or more may be re¬ 
quired for the monoliydrate cells 
to reach an equilibrium condition. 

When the temperature falls the 
monoliydrate cells come to equi¬ 
librium more quickly, but several 
days may be required. 

A comparison of the contrasting 
conditions of the two types of cells when subjected to changes of 
temperature is given in the following summary. It is evident that 
the larger l^steresis effect in both types of cells is associated with the 
temperature change which produces a precipitation of salt. 



Figure 2. —Comparison of hysteresis 
effects when temperature was decreased. 


AE represents the difference in electromotive force 
from the equilibrium value at the final tem¬ 
perature. 


! 

Temperature 

Cells containing CdS 04 . 8 / 3 H 2 0 

Cells containing CdSO^.HoO 

Increased_ 

Salt dissolved. 

Salt precipitated. 


Emf decreased. 

Emf increased. 


Little or no hysteresis. 

Large hysteresis effect. 

Decreased_ 

Salt precipitated. 

Salt dissolved. 


Emf increased. 

Emf decreased. 


More hysteresis than above. 

Much less hysteresis effect than 



above. 


The two types of cells contain identical materials except for the 
crystalline state of the cadmium salt, and it would seem that hysteresis, 
which has been attributed to many causes, is in part at least associated 
with the crystallization of the salt. New possibilities of studying 
the cause of hysteresis remain to be investigated. 

Quantitative data on differences of emf, A E, from equilibrium 
values as a function of time are given in figures 2 and 3. The first of 
these compares values of AE for each type of cell when the tempera- 
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ture was decreased from 50° to about 44° C. Figure 3 shows values 
of A E of the same cells when the temperature was raised from about 
37° to 43.5° C. In figure 3 it may be seen that much more time was 
required for cells containing CdS0 4 .H 2 0 to reach equilibrium than 
when the temperature was lowered, figure 2 , by approximately the 
same number of degrees. Obviously, if the cells containing 
CdS0 4 .H 2 0 are to be of any practical value, hysteresis and the large 
temperature coefficient will necessitate good thermostatic control. 



Figure 3. — Comparison of hysteresis effects when temperature was increased. 

AE represents the difference in electromotive force from the equilibrium value at the final temperature. 

VI. CONCLUSIONS 

New lines of investigation on standards of emf are suggested by the 
results reported in this paper, but more work is needed before at¬ 
tempting to generalize too broadly. However, some of the more 
obvious practical considerations may be mentioned. 

1 . The stability of cells containing the metastable form of CabU 4 
at ordinary temperatures is sufficient to warrant a more careful study 
of these cells. They have been carried through a temperatuie eye e 
extending 25° below the transition point without indication ol ap¬ 
preciable change, and they could of course be maintained indefinitely 
at a temperature of 43.4° C or more. Another form of satuiatcd 
standard cell which has radically different properties from the cus¬ 
tomary Weston normal cell is therefore possible. 

2. The transition temperature from CMSO 2 . 8 / 3 H 3 O to CdSCh.hLU, 
which is 43 . 4 ° C, fixes an upper limit of temperature for the prepara¬ 
tion of recrystallized salt to be used in the ordinary type of cell. 

3 . Since the temperature coefficient of the ordinary typo ol cell is 

negative and of the monohydrate type positive, it is ma ve 

combinations which would have very small values of At/Al o\ei 
a limited range of temperatures. The value in volts of AA/AI a^ 
the transition temperature is —0.000069 for the ordinary cells an 
+ 0.000173 for cells containing CdS0 4 .H 2 0. A series-connected 
combination of five of the former and two of the latter would have an 
emf which would change less than 1 part in 1 million per degree 

centigrade. .. , 

4 . The contrasting hysteresis effects of the two types of cells sugge 
new methods of studying the causes of hysteresis. Obviously, close 
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regulation of temperature is necessary if satisfactory results are to be 

obtained with cells containing CdS 04 .H 2 0 . . 

5. The transition temperature, 43.4° C, between the two forms of 

cadmium sulfate is a fixed constant of nature which may ultimately be 
determined with greater accuracy than has been possible in the present 
work. At this transition temperature the emf of two differing types of 
cells containing the respective salts must be equal, assuming that the 
individual cells are not subject to secondary effects caused by im¬ 
purities, variations in acidity, etc. The cells represented by eq 1 
and 2 on page 462 are, for the present discussion, considered as ideal 
cells, differing only in the crystal structure of the cadmium sulfate. 
They are both in stable equilibrium at the transition temperature 
and should, therefore, be permanent. The numerical value assigned 
to the emf at this point depends on the units employed. In the present 
paper the results are given in terms of international volts, but what¬ 
ever units may be chosen, equality of emf of the two systems at the 
transition temperature is independent of the units. One type of cell 
serves as a check on the other, and when equality of emf is obtained 
at the known transition temperature, the measurement carries the 
proof of its own validity. It might serve also as a means for judging 
the constancy of groups of cells over a period of time, since any vari¬ 
ation of the temperature at which their respective emf are equal would 
mean that one or both of them were varying for reasons not expressed 
in eq 1 and 2 on page 462. On the other hand, if the two kinds of 
cells continued for a long period of time to have the same emf at the 
fixed transition temperature, it would be good evidence of the con¬ 
stancy of both, and the laboratory would have a new and radically 
different means of judging the constancy of its reference standard. 
Such a goal, however, could be attained only as a result of more pre¬ 
cise work on the monohydrate cell than has been possible at this time. 
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abstract 

This report describes means which have been developed to determine the 
relative serviceability of currency-type papers. A reproducible crumpling and 
smoothing cycle has been developed with which to imitate the appearance and 
characteristics of worn paper currency. The changes in significant physical 
properties of this worn paper are then measured. An automatic, motor-driven 
crumpling apparatus is used, which alternately crumples and straightens out a 
specimen at a rate of about seven times per minute. The change in air per¬ 
meability as the crumpling procedure progresses appears to be the most useful 
single measure thus far found of the decreasing serviceability of the paper. An 
air permeameter, specially designed for use in conjunction with the crumpling 
apparatus, is briefly described. 
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I. INTRODUCTION 

For several years the National Bureau of Standards lias been 
engaged in research, supported by the Bureau of Engraving and 
Printing, to find means of increasing the useful life of the United 
States paper currency. Replacement of worn-out paper currency 
requires an annual expenditure of several million dollars. Any 
improvement leading to a longer average life, therefore, represents a 
substantial saving. 

Changes made in composition, fabrication, and processing of 
experimental papers, in order to improve the serviceability of paper 
currency, have sometimes been appraised by the United States 
Treasury Department by means of actual service tests. Such tests 
are much too slow, however, for routine evaluations, and may be 
inconclusive, owing to the difficulty of getting enough returns on 
comparable treatments in service. A standardized laboratory test, 
capable of simulating in a comparatively short time the type of wear 
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which paper currency undergoes in circulation, is essential in this 
effort to further improve the serviceability of currency paper. 

Wear of paper currency differs from wear in its more common 
connotation, inasmuch as abrasion, loss of substance, and breaking 
are not common causes of failure. Repeated folding and crumpling, 
and the incident soiling and defacing, are the primary factors respon¬ 
sible for withdrawal of worn United States paper currency from 
circulation. 

Various laboratory methods of wearing the paper have been tried, 
such as the conventional folding and bending tests, the rotating-drum 
tumbling apparatus, and several specially devised methods of twisting, 
rubbing, and bending the paper. Of the various types of treatment 
used, crumpling the paper seems best to simulate the type of wear 
which the notes undergo in circulation. It also wears the test speci¬ 
men fairly uniformly over its entire surface, and has in this respect 
a distinct advantage over the other wear tests that were studied. The 
creasing pattern and general appearance of worn-out paper currency 
are fairly well simulated by the random creasing which occurs in the 
crumpling operation. 

The paper which has been used in this work is a special issue of 
nondistinctive, currency-type paper, similar to the regular issue, 
except that the distinctive, colored fibers have been left out. The 
paper was printed in the usual manner with a specially engraved 
plate. 

II. CRUMPLING CYCLE 

A definite procedure, involving mechanical aids, seems necessary in 
order to make the crumpling treatment reproducible. Considerable 
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Figure 1.— Sketch illustrating the four-phase crumpling cycle. 



C and M designate two edges parallel respectively to the cross direction and the machine direction of tl ™ 
paper. I and III are crushed in the cross direction; II and I\ in the machine direction. Ill and I\ are 
rolled (by the fork, F) in the opposite direction from I and II. The lower sketches are much enlarged over 
the upper ones. 


experimenting with various crumpling procedures and mechanical 
models resulted in the choice of a procedure and crumpling cycle 
wherein a square of paper is rolled up, slipped into a hollow cylinder, 
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and crushed endwise of the roll to a predetermined volume by means 
of a piston. This crumpling procedure is repeated, with variations 
in a definite order, as many times as may be required. The crumpling 
cycle, involving four combinations of the directions of rolling and 
crumpling, is illustrated by figure 1. 

The specimen 2% inches on a side (the largest square obtainable 
from the present paper currency), is rolled, S-shaped, from the center 
by a two-tined fork, F, placed astride the specimen parallel with one 
or the other (alternately) of the two principal directions of the paper. 
As a result the paper roll is crushed by the piston, one time in the cross 
direction and the next time in the machine direction. Furthermore, in 
the first two phases of the cycle the fork is rotated in one direction and 
in the third and fourth phases it is rotated in the opposite direction. 
Bending the paper thus in opposite directions helps to break up preced¬ 
ing patterns of wrinkles and promotes a more even distribution of the 
creases. 

Tests were made also with the simpler two-phase cycle (I and II 
only of figure 1), in which the specimen is crushed alternately in the 
machine direction|and the cross direction, but is always rolled up in 
the same direction. It was somewhat surprising to find that the effect 
produced in this way by a given number of crumplings was only about 
half as great as that resulting from the four-phase cycle. The latter 
appears to promote a more general distribution of the creases, and, 
although somewhat complicated, produced such good results in the 
early experiments that the further development of this form of test 
seemed amply justified. 

III. CRUMPLING APPARATUS 

The crumpling cycle shown in figure 1 is accomplished by an auto¬ 
matic, motor-driven crumpling apparatus, illustrated by figures 2, 
3, 4, and 5. A simpler, manually operated crumpling device was 
used in the earlier work, but the difficulty of preserving the necessary 
sequence in the various manipulations in the cycle led to the develop¬ 
ment of the automatic apparatus. 

In the crumpling apparatus the specimen is secured by means of 
cords passed through eyelets placed in two opposite corners of the 
specimen, as shown in figure 2. The square of paper is rolled up by 
the fork, F , after which it is drawn into the crumpling cylinder C 
and crumpled to a small wad between the gate, G , and the piston' P. 
In subsequent operations the wad is expelled and opened out by 'the 
tension lever, T, and the smoothing arms, A1 and A2 } again rolled 
up and crumpled in the opposite direction, and so on according to 
the cycle illustrated in figure 1. A more detailed description of^the 

operation and function of the various mechanisms will make the 
process clearer. 

Figure 2 shows schematically the most important features of the 
apparatus All the mechanisms that perform the various manipula¬ 
tions incident to the rolling, crumpling, and straightening of the 
specimen require intermittent motions. The mechanisms are, there- 
fore, driven and timed by suitably shaped cams that operate on 
appropriate lev ere and linkages. The cams are mounted on a com¬ 
mon shaft, SI, which is driven at about 7 revolutions per minute by 
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a motor and reducing gear (see fig. 3). The specimen is crumpled 
once each revolution of the camshaft. 

At the beginning the fork, F, is in the broken-line position astride 
the tension cord, H, and out of contact with the specimen, W The 
specimen freely suspended under slight tension, tends to stand in 
a vertical plane. It is so constrained by the cord that joins the 
specimen to the piston—a horizontal, V-shaped loop, V, with its 
ends attached at the two ends of a diameter of the piston and its 



si Si a 

Figure 2. —Schematic drawing of the automatic crumpling apparatus. 


apex in the eyelet. As the fork, F, swings about the vertical shaft, 
S2, as a pivot, approaching the corner of the specimen from its broken- 
line position, a curved finger, R (see also fig. 4), moving above the 
cord, H , carries the upper half of the specimen backward, forcing it 
toward the horizontal position. The fork then follows across the 
corner, astride the specimen to the middle, as shown by the full-line 
position in figure 2. In this position the fork stops its swing mo¬ 
mentarily and begins to rotate. As the specimen is rolled up, the 
tension is relaxed, and the fork swings the roll into line with the 
crumpling cylinder. Friction plates, Z (figs. 4 and 5), flanking the 
fork above and below, aid in holding the specimen tightly rolled. 
The swing of the fork during this time is governed by a cam, M2, 
acting through appropriate linkage, while its rotation is produced by 
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1 utomntic cmmpling apparatus, showing the driving mechanism 


Detail of crumpling apparatus, showing specimen 

lh e n ext er u m pli n a. 
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Detail showing the specimen smoothed out ready to be rolled up and 

crumpled again. 
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a vertically moving rack (integral with S2) which turns a pinion, J, 
on the fork shaft. 

At this point the piston is retracted, pulling the rolled specimen off 
the fork and into the crumpling cylinder through the funnel-shaped 
mouth. A scissorslike gate, G } closes behind the roll. On the for¬ 
ward stroke of the piston the specimen is slowly crumpled to a small 
wad, as indicated in a of figure 2. In the meantime the fork has 
swung back to its initial broken-line position. The movement of the 
piston is governed by a cam, M3 , acting on a bell-crank lever, B3 } 
as shown in b (reduced scale) of figure 2. and a quick-acting return 
mechanism, not shown. The opening and closing of the gate, G , are 
governed by a cam, M4, which acts through the offset bell-crank 
lever, B4 f and a toggle. The gate is shown open and closed in c and 
d of figure 2. 

After the specimen has been thus crumpled, the gate opens and the 
crumpled wad of paper is expelled as the piston stroke is completed. 
The tension lever, T, actuated by the crank-pin, K, on the cam, M4. 
exerts tension and stretches the crumpled paper out along the eveleted 
diagonal. As the fork swings forward the second time, the reversing 
finger, R , comes underneath the cord and therefore turns the specimen 
about the eyeleted diagonal in the opposite direction to that of the 
first time. It is obvious from figure 1 that this will reverse the rela¬ 
tive positions of machine direction and cross direction. Whereas in 
the first phase of the cycle the cross direction v r as the axis of the 
rolled specimen, now the machine direction is the axis and becomes 
the direction of crumpling in the second phase. In this manner the 
apparatus alternates the direction of crumpling in successive phases 
of the cycle. . Cam Afo on the fork shaft causes the reversing finger, 
R, to be one time above the cord and the next time below it, inasmuch 
as the fork makes IK revolutions each time the specimen is rolled up. 

Following immediately behind the reversing finger, R , w'hen it 
turns the specimen, as smoothing arm, Al, composed of two opposed 
jaws slightly ajar, moves over the eyeleted corner and along an arc 
to the adjacent uneyeleted corner, opening out the crumpled paper as 
it goes. Simultaneously a somewdiat similar smoothing arm, A2 
moves from the other eyelet on an arc to straighten out the opposite 
edge. As the smoothing clamps approach the uneyeleted corners, 
they begin to close by wedge action, until finally they clamp slightly 
and stretch the specimen out along the uneyeleted diagonal while 
tension is still on the other diagonal (fig. 5). Thus the crumpled 
paper is flattened out and held, allowing the fork to move freely into 
position to roll it up again. The smoothing arm, Al, is actuated by 
a cam, Ml. The two smoothing arms are connected by a cross link 
(not shown), so that A2 is driven by Al. The design of successful 
smoothing arms proved to be the most obdurate problem in develop¬ 
ing the crumpling apparatus. At some stage in the crumpling cycle 
a persistent fold would usually appear that the mechanism was in¬ 
capable of smoothing out sufficiently to allow the fork to function 
normally in the next phase. Many forms of smoothing devices w^ere 
tried before a successful combination was found. The smoothing 
arms Al and A2 differ somewhat in form and operation. Fifrures 4 
and 5 show them in different positions. ^ 

The third and fourth phases in the cycle are like the first and second 
respectively (see fig. 1) except that the fork turns in the opposite 
direction This reversal in direction of rotation of the fork everv 
second phase in the cycle is accomplished by reversing the direction 
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of travel of the rack and shaft, S2. This rack-and-shaft combination 
is moved up or down by a connecting rod, N, and a crank-pin attached 
to a disk, D (see e of fig. 2, and fig. 3), that makes a quarter turn for 
each revolution of the cam shaft, SI . Thus the rack is pushed upward 
during two successive phases in the cycle and downward during the 
next two. A ratchet device, Z, actuated by the crank-pin, K f on the 
cam, M4t moves the disk a quarter turn for each revolution of the 
cam shaft, 57. 

A disk counter and automatic stopping device, E, is geared to the 
cam shaft, SI (see also fig. 3). It can be set so that it will stop the 
motor after any predetermined number of crumplings in multiples of 
4, from 4 to 100, by automatically throwing a toggle switch. 

Although the apparatus is by no means infallible, it performs 
satisfactorily, and has been used in determining the probable relative 
wearing quality of many samples of currency paper. 

IV. MEASURING THE EFFECT OF CRUMPLING 

1. STRENGTH 

Reproducible crumpling of the paper having been achieved, there 
follows the necessity of measuring the effect produced, and of measur¬ 
ing it in such a way as to be indicative of the probable behavior of 
the currency during its serviceable life. Several measurements suggest 
themselves as important criteria of change in significant properties as 
a result of the artificial wear treatment. 

The change in strength of the paper is significant, although not of 
primary importance in the currency paper used today, inasmuch as 
improvements in making the paper, worked out several years ago by 
the National Bureau of Standards with the financial support and 
cooperation of the Bureau of Engraving and Printing, have resulted 
in a paper of such strength and durability that rupture of the paper 
is now not often the cause of retiring paper currency from circulation. 

The easiest test of strength to make is, of course, the bursting- 
strength test. Unfortunately, it has not proved to be very useful, 
because the decrease in strength with repeated crumpling is accom¬ 
panied by an increase in stretch. In the bursting-strength test these 
two trends offset each other, so that the bursting pressure does not 
change very much with the extent of the crumpling treatment. 

The tensile strength does decrease considerably, and in a charac¬ 
teristic manner. Although it is a destructive test and cannot be used 
to follow the behavior of a given specimen through successive crump¬ 
lings, it has been used to a considerable extent as a corroborative test 
of the end result of a series of crumplings. The square specimen is 
cut into four strips running in the crosswise direction, which are tested 
on a conventional paper tensile tester. The sum of the breaking 
loads for these four strips is taken to represent the strength of the 
worn specimen, and when divided by the width of the specimen 
represents the strength per unit width. With such a small square 
of paper it is not practicable to determine the tensile strength in more 
than one direction of the paper. The cross direction of the paper has 
been tested throughout the experimental work, since this direction 
runs lengthwise of the paper currency. Table 1, in which the tensile 
strength is expressed in kilograms per centimeter width, shows the 
manner in which tensile strength decreases with crumpling. 



w'o’rZnotvn] Wearing Quality oj Currency Paper 

Table 1 . —Effect of crumpling on the tensile strength of currency paper 
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Number of 
times 
crumpled 

Tensile 

strength 

0 

kg/cm 

5 2 

8 

3.9 

16 

3.5 

24 

3.3 

32 

3.1 

40 

2.9 


2. STIFFNESS 


Another property which is altered significantly in worn paper 
currency is stiffness. In fact, the crispness of a new note, in contrast 
with the limpness of a 
much worn one, is one 
of the characteristics 
uppermost in the mind 
of anyone handling paper 
currency. A survey 
made several years ago 
of worn paper currency 
in several localities indi¬ 
cated that the limpness, 
measured as the amount 
of bending of the paper, 
supported as a cantilever 
beam bending under its 
own weight, correlated 
fairly well with the ex¬ 
tent of unserviceability 
through wear in circula¬ 
tion as judged by United 
States Treasury experts. 

An obvious advantage of 
a stiffness test is that it 
can be made without 
destroying or injuring 
the specimen. 

Because of the shape 
and size of the specimen 
that must be tested, the 
conventional forms of 
stiffness testers are not 
very well suited to the 
purpose. A more appro¬ 
priate form of apparatus 
was designed, and a 
homespun model was 
made with which some 
experimental tests could be performed. Figure 6 illustrates the prin¬ 
ciple used in the apparatus. A clamp, (7, is suspended between two 
pieces of fine piano wire held by a pivoted frame, F. A similar clamp 



Figure 6. —Outline drawing showing the principle 
used in measuring the stiffness of crumpled paper. 
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is suspended from the fixed frame so that it can rotate freely through 
a small angle, or move in or out in the guides, to allow the specimen, 
S, to bend freely and naturally when clamp C is rotated. Swinging 
the frame, F, to right or left about the piano wire as an axis tends to 
rotate the clamp, C, and hence to bend the specimen. A pointer, P , 
on the clamp, C, shows on the fixed scale, D } the angular deflection of 
the specimen. The bending moment is measured by the torsion in the 
piano wire, and is indicated by the position of the pointer above the 
scale, B y attached to the frame, F. 

Tests were made at various crumpling intervals to determine the 
amount the paper would bend under the influence of a constant bend¬ 
ing moment. Thus, increasing values with successive crumplings 
would indicate the rate of increase in limpness with repeated crump¬ 
ling. borne results are shown in table 2 for a given bending moment 
acting so as to bend the paper alternately to right and left of the zero 
position. 

Table 2. —Increase of limpness with crumpling 

[Angle through w hich paper is bent by a force of 0.5 g acting on a lever arm of 4 cm (distance between clamps)] 


Number of 
times 
crumpled 

Relative limpness 

Right 

Left 


Degrees 

Degrees 

0 

3 

3 

1 

2 

2 

2 

4 

5 

3 

3 

3 

4 

7 

3 

8 

9 

6 

12 

14 

8 

16 

12 

9 

20 

19 

15 

24 

23 

12 

28 

35 

14 

32 

40 

23 

36 

48 

23 

40 

27 

24 


Although the apparatus was amply sensitive for the requirements, 
the indicated decrease in stiffness is not very uniform. There were 
increases in stiffness during the first few crumplings, undoubtedly 
reflecting the structural stiffening lent by the crimping before the 
piece as a whole had become much weakened. Not until after the 
paper has been crumpled several times, therelore, will stiffness mea¬ 
surements indicate any wear at all. Table 2 shows also several 
instances farther along in the crumpling treatment when the stiffness 
appeared to increase temporarily. Another disturbing characteristic 
of this type of test is shown in the observation that, in reading the 
angle through which the paper is bent to right and left of the neutral 
position, the first determination made is usually the greater angle. 
This presumably means that the first reading is the better indication 
of stiffness (or limpness), and that when the paper is bent the pattern 
of crumples assumes a set such as to resist bending in the opposite 
direction. The crumpled paper seems to behave somewhat like a 
piece of distorted sheet metal, resisting bending up to a certain point 
and then suddenly snapping over into a new position. This sudden 
bending was frequently observed when the bending force was increased 
sufficiently. 
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The results of the stiffness tests indicate that, although an apparatus 
of this type might be developed into a very sensitive and significant 
measure of the stiffness of plane sheets, the measurement in this 
manner of the stiffness of crumpled paper is not very reliable. Hence 
the apparatus has not been further developed. 

Another way of getting at the stiffness was also tried. The force 
required to open up the crumpled wad of paper appeared to be a 
possible means of evaluating the relative stiffness at various stages in 
the crumpling process. An attempt was made to make such a 
measurement in place on the crumpling apparatus by attaching a small 
spring balance to the cord that applies tension to the crumpled 
specimen. It was possible to make rough measurements, which were 
good enough to show significant changes. Some illustrative data are 
shown in table 3. This test has some promise, and may yet prove to 
be useful, but would require considerable refinement in order to be 
capable of accurate and dependable measurements. 

Table 3. — “Uncrumpling” force at various stages in the crumpling process 


Number of 
times 
crumpled 

Uncrumpling 

force 


kg 

2 

4.3 

6 

3.4 

10 

3.2 

20 

2.2 

40 

1.3 


3. AIR PERMEABILITY 

(a) VALUE OF AIR-PERMEABILITY MEASUREMENTS 

More sensitive than either the strength measurements or the stiff¬ 
ness tests, the increase in air permeability with crumpling has proved 
to be the most useful measure thus far found of the change resulting 
from the crumpling treatment. Although its relation to significant 
properties of the paper is somewhat indirect, the increase in air 
permeability appears to reflect to a very satisfactory degree the general 
deterioration resulting from wear. When paper is creased, the 
interlaced fibers are disturbed, and there is a partial breaking of the 
bonds which were formed on the paper machine and in subsequent 
processes in the manufacture of the paper. The hundreds of small 
creases that result from the crumpling of paper leave the specimen 
more open and more susceptible to the passage of air through the 
structure. Indirectly, this condition becomes a measure of the change 
in important characteristics of the paper. Loss in strength, increasing 
limpness, ability to absorb oil and grease, fuzziness of surface, sus¬ 
ceptibility to catching dirt, and loss in the clarity of images printed 
on the paper, are all closely related to the loosening of the structure 
that is reflected in the increasing air permeability. An important 
advantage of this test is that it is nondestructive. Little or no change 
m the structure results from making the test. It is possible, therefore, 
for one to make repeated tests on the same specimen and to follow its 
behavior through a series of crumplings, noting the changes at all 
stages from new to completely unserviceable paper. The test is also 
very sensitive to small changes in structure. 
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Some typical graphs, illustrating the consistent and regular manner 
in which the air permeability increases as the crumpling process goes 
on, are shown in figure 7. The paper treated in this instance increased 
in air permeability considerably more than a hundredfold as a result 
of being crumpled 40 times, and the rate of increase is nearly linear. 
The data in figure 7 indicate that this kind of wear test is particularly 
suitable for appraising surface treatments and processing of currency 
paper. Curve A represents the rate of wear of a sample of the experi- 



NUMBER TIMES CRUMPLEO 

Figure 7. — Typical curves showing the manner in which air permeability increases 

with repeated crumpling of paper. 

Air permeability is expressed as the number of cubic centimeters of air that pass per second through a 
square meter of the paper tested when impelled by a pressure difference of 1 gram per square centimeter 
(hereafter abbreviated to csm units). 

mental, printed currency-type paper, while curve B represents the 
rate of wear of the same kind of paper after it has been coated with an 
experimental surface sizing material intended to increase its resistance 
to wear. During the early stages of the crumpling treatment the per¬ 
formance does appear to be improved by the surface sizing, but after 
a short time the treated paper begins to open up more rapidly, and 
during the remainder of the crumpling procedure it seems to wear 
more rapidly than the untreated paper. 

In order that figure 7 may be more intelligible, it may be noted that 
the condition of currency paper after 40 crumplings represents an 
advanced stage of wear, although probably not in the neighborhood 
of complete unserviceability. Air-permeability tests have been made 
of a few silver certificates, which the Treasury Department had with¬ 
drawn from circulation, after periods of service ranging from 4 to 17 



An- penned meter used as a means of measuring the break-down of the, 
structure of paper resulting from the crumpling treatment. 


Fkjukk 8. 
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months, because they were judged to be unserviceable. The air 
permeability of these silver certificates ranges from 78 to 787, with 
an average of about 350 csm 1 units. 

(b) DESCRIPTION OF THE AIR-PERMEABILITY INSTRUMENT 

An instrument was developed some time ago at the National Bureau 
of Standards, with which accurate measurements of the air permea¬ 
bility of paper can be made. 2 It will not, however, accommodate a 
specimen as small as that operated on in the crumpling apparatus. 
Preliminary tests were made with a small, improvised cell attached 


s 



to this instrument. A new instrument, better suited to the require¬ 
ments of the study of currency paper, has since been made. It is 
similar in general design to that described in RP681, but, since it 
differs from the older instrument in some respects, it will be described 
briefly. Figure 8 shows the instrument; figure 9 is a schematic diagram 
of it. The cell, much smaller than that in the older instrument, tests 
a 10-cm 2 area of the paper. ’ 

The specimen, S , is clamped over the permeability cell by means of 
a clamping ring (see fig. 8), the clamping pressure required being only 
enough to msure good contact of the specimen with the cell. Air is 
drawn by means of an air pump, A, through the specimen into the 
test cell, C (fig. 9), and simultaneously into an annular guard cell, D. 


‘ £ p 5 ™ ? nit represents the flow of l cubic centimeter of air per second through 1 square meter of the 
material when the pressure difference across the sheet is 1 g/cirP square meter or tne 

BS j; f0T m “ uurln <> “* air P'rmcMlity of paper and other eheet material. 
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The function of the latter is to prevent edge leakage into the test cell. 
When the air flow has been so adjusted by means of the valve, W, that 
the lateral pressure betweeen the two cells (shown by the manom¬ 
eter, A r ) remains zero, no edge leakage can occur. That part of the 
air that flows into the test cell through the specimen passes through 
one of a set of capillaries, K , which serves as the known resistance in 
a capillary flowmeter. From a previous calibration the rate of flow 
is known for any head, II , indicated on the flowmeter manometer, 
this rate of flow being the same as that through the specimen (with 
pressure head h). 

The manometers, except A 7 , are the single-reading type, composed 
of glass tubes attached to reservoirs at the base of the instrument. 
The reservoirs were made from large brass tubing. The glass-to¬ 
me tal joints were made in the manner described in RP681, Thiokol 
gaskets being used. The manometer liquid is a light mineral oil, the 
specific gravity of which is accurately known. Before a test is made, 
while there is no pressure difference on the instrument, the zero of the 
scale, F, must be accurately set. The scale, common to the two 
manometers, can be moved up or down a small distance until the zero 
line is level with the bottom of the meniscus in the flowmeter manom¬ 
eter (when//=0). The meniscus in the other manometer is brought 
to the same level by raising or lowering a block of metal, B, partially 
submerged in the liquid in the communicating reservoir, which is open 
to atmospheric pressure. 

A reading made on a manometer of this type is slightly less than the 
actual head, because the level in the reservoir sinks a little as the 
liquid rises in the tube. The resulting error in either reading is about 
one-half of 1 percent, since the inside diameter of each reservoir is 
about 14 times that of the glass tube connected to it. The accuracy 
of the calculated result does not suffer from this error, however, 
because small errors in these heads produce only second-order effects 
in the result, provided the ratio of the two heads is accurately known. 
This ratio is given by the ratio of the two readings H/h (inasmuch as 
each of these two readings involves the same percentage error). In 
calibrating the flowmeter, the actual heads were, of course, used. 

The capillary tubes, K , communicate with the cell through pet- 
cocks, V, which are used to close off the capillaries not in use. T-hese 
petcocks are more convenient than the tab valves formerly used, and 
have given no trouble from leakage. The capillaries are of glass, 
about 15 inches long, bent in a U-shape. As a means of measuring 
very small rates of flow, an extremelv fine capillary, made of thermom¬ 
eter tubing, was added to the capillary flowmeter. Its use lias not 
proved very satisfactory, however, because of the long time required 
for the pressure difference across it to settle down to a steady value. 
There has always been considerable uncertainty in its use. 

A check valve, Y f is placed in the line to prevent a sudden backflow 
of air when the motor is cut off. Without such a valve a sudden 
reversal of flow sometimes forces all the liquid out of the flowmeter 
manometer into the connecting reservoir, together with some air. 
On its return the liquid traps air bubbles in the manometer tube, and 
these are sometimes troublesome to dislodge. The check valve is 
simply a perforated rubber disk in contact with a perforated metal 
disk, the two perforations being offset. This allows free flow of air 
in one direction; but when the pressure difference is reversed, so as to 
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press the rubber disk against the metal disk, the air leaks back slowly 
into the instrument. 

A bypass valve, Q, is placed between the air pump and the flow¬ 
meter to lessen the chance of accidentally overflowing the manometer 
tubes or draining the manometers by suddenly throwing a large 
pressure difference on the instrument. When the current to the 
motor, ]\f (line wires indicated by Z), is cut off b 3 r throwing the 
switch, J, the bypass valve is kicked open. When the switch is 
again closed, the valve, Q } remains open until it is closed by hand. 
While it is open, air is drawn directly from the atmosphere instead of 
through the instrument. As a further precaution against contami¬ 
nating the capillaries with manometer liquid, an overflow reservoir, 
or trap, Z, is placed between the flowmeter manometer and the 
capillaries. 

The pulsating and somewhat irregular pressure difference produced 
by the air pump is made steady across the instrument by interposing 
a pressure regulator, P, a different form of which was described in 
RP081. The use of fixed nozzles has somewhat simplified the new 
regulator, which is, however, in three stages instead of two. Three 
wells in a block of metal contain the nozzles. A sheet of thin rubber, 
G, held by a coyer plate (not shown), serves both as a gasket and as 
the regulating diaphragms for the three stages of the regulator. The 
pressure difference between the atmosphere and each of the three 
wells decreases progressively toward the instrument. The first two 
stages, next to the air pump, have permanent adjustments. In the 
lowest-pressure stage, next to the measuring instrument, however, the 
center portion of the diaphragm is moved toward or away from the 
nozzle, Z, by means of a screw-driven ring, /?, in order to change the 
pressure difference across the instrument. This single adjustment 
has been found more convenient than the double adjustment in the 
older apparatus. 

This small air-permeability instrument has been used to advantage 
not only in helping to evaluate the wear of currency paper, but has 
frequently made it possible to test small pieces of various other 
materials which could not be accommodated in the older instrument. 

V. CONCLUSION 

The instruments which have been described have proved to be very 
useful in evaluating the effects of various treatments of currency 
paper intended to make it more serviceable. Beyond this application 
(illustrated by fig. 7) the value of the wear test offers a fertile field for 
future investigation. It is felt that the crumpling treatment de¬ 
scribed is a very effective means of simulating the type of wear to which 
currency paper is subjected, and perhaps also of artificially wearing 
various papers that are subjected to creasing and much ‘handling 
However, the problem of appraising the effect of crumpling (as of wear 
in actual service), and assigning numerical values that represent the 
degree of wear, is somewhat formidable when papers are involved 
which differ materially in type, composition, and structure. It has 
already been pointed out that the interpretation of air-permeability 
data in terms of wear is highly inferential. Although the test has 
worked out well in the application which has been made, it does not 
follow that the wear test can be extended unmodified to all kinds of 
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paper. When there are large differences in the initial air-permeability 
values of the papers to be compared, the significance of air permeabil¬ 
ity becomes somewhat entangled in the conflicting inferences that are 
possible. The development of additional criteria for the effect of the 
crumpling treatment seems, therefore, a likely corollary of the effort 
to extend the wear test to paper in general, and possibly even to the 
application of the test to currenc 3 ^-type papers that differ substantially 
in fiber composition or structure. 

A more immediate problem is to determine the effect of common 
variable factors in the crumpling treatment so that the procedure may 
be standardized more effectively. The effects of relative humidity, 
rate of testing, and intensity of crumpling are outstanding examples of 
numerous influences about which more knowledge is required. 

Work is continuing on various aspects of the standardization and 
the usefulness of the wear test. 

Washington, March 14, 1941. 
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ANALYSIS OF DENTAL AMALGAMS CONTAINING MER¬ 
CURY, SILVER, GOLD, TIN, COPPER, AND ZINC 


By Harold J. Caul 1 and Irl C. Schoonover 


abstract 

The procedure provides for the separation and determination of gold, silver, 
mercury, tin, copper, and zinc in dental amalgams. The chief feature of the 
procedure is the simultaneous titration of silver and mercury with thiocyanate. 
It is this feature which makes the method particularly applicable for the analysis 
of smaller samples, for example, sections of restorations removed from teeth. 

Briefly the method is as follows: The alloy is decomposed with nitric acid and 
tin is removed from this solution as metastannic acid. If gold is present, it will 
accompany the tin precipitate and is separated by converting the tin to soluble 
stannic sulfate. Silver and mercury are collectively titrated with thiocyanate, 
after which the thiocyanate precipitates are destroyed with nitric and sulfuric 
acids. The silver is precipitated as the chloride from this solution. The mercury 
is determined from the thiocyanate titration and the silver determination. Copper 
and .subsequently zinc are precipitated as sulfides at the proper acidities. 

Simplifications of the procedure are presented for use when the composition of 
the silver alloy is known or when a partial analysis for silver and mercury alone is 
desired, as is often the case in control work. 
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I. INTRODUCTION 

Tlio physical properties of dental amalgams depend to a large degree 
upon the amount of mercury in the hardened alloy. In dental prac- 
tico, the m ethods employed for the preparation and insertion of 
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amalgam fillings are so variable that it is doubtful whether any two 
fillings have precisely the same chemical composition, particularly 
with respect to mercury. Furthermore, some techniques are such 
that the composition of the amalgam may vary in different sections 
°* ^he restoration. Such variations may well be responsible for some 

at a, urcs encountered in the use of amalgam. 

Many techniques have been described in the dental literature for 
standardizing both amalgamation and methods of packing. Because 
there has been no convenient chemical method for determining the 
composition of an amalgam restoration, it has been difficult to study 
the effect of composition upon its physical properties and the effect of 
amalgamation and packing techniques upon the composition of the 
amalgam. Methods in which the composition is determined by weigh- 
mg the mercury and alloy taken and the mercury removed during 
packing are rough approximations at best. Certainly no information 
can be obtained concerning the variations in the distribution of the 
mercury throughout the alloy by such methods. 

It is the purpose of this paper to describe a rapid and convenient 
procedure for determining the mercury, silver, tin, copper, zinc, and 
gold m dental amalgams. The chief feature of the method is the 
simultaneous titration of silver and mercury with thiocyanate after 
the removal of tin. It is this feature which makes the method 
particularly applicable for use in the analysis of smaller samples, for 
example, sections of restorations removed from extracted teeth 
where nonuniformity in chemical composition is suspected. Methods 
in which mercury is determined on a separate portion are not appli¬ 
cable for the small samples which are usually available from dental 
restorations, because of the necessity of crushing, grinding, and using 
all the available material for one determination. 

The procedures described for the separation of tin and gold and 
the determination of copper are essentially those described by Gil¬ 
christ [ 1 ], 2 as is also the procedure for determining end points of 
indicators in colored solution. 

II. RECOMMENDED PROCEDURE 

1. SOLUTION OF SAMPLE 

Place a 0.2- to 0.3-g sample in a 250-ml beaker, add 10 ml of nitric 
acid (sp gr 1.42), cover and set on the steambath. After the brown 
fumes disappear and disintegration of the alloy is complete, remove 
the cover glass and evaporate to incipient dryness. Add 5 ml of 
freshty boiled nitric acid. Digest 5 minutes on a steambath and dilute 
with water to 60 ml. Digest 1 hour on a steambath. All the con¬ 
stituents go into solution except tin and gold. Tin will be present 
as a white precipitate of metastannic acid. Gold, if present, imparts 
a red or purple color to the precipitate. 

2. DETERMINATION OF TIN IN THE ABSENCE OF GOLD 

If a precipitate of metastannic acid is obtained by the procedure 
above, catch it on a 9-cm filter paper of close texture, which contains 
some paper pulp. Wash the filter and precipitate thoroughly with 
hot water which is acidified with sulfuric acid between the limits of 


2 Figures in brackets indicate the literature references at the end of this paper. 
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pH 4 (end point of bromphenol blue) and pH 1.5 (red-yellow end 
point of thymol blue). Reserve the filtrate and washings for the 
determination of the remaining constituents. Ignite the precipitate 
of metastannic acid carefully in a porcelain crucible until carbonace¬ 
ous matter is eliminated, and finally ignite the residue between 1 100 
and 1,200° C, for one-lialf hour, taking care that the flame of the 
burner does not envelop the crucible. Weigh the residue, which 
should be white when cold, as stannic oxide, Sn0 2 . Calculate its tin 
content with the theoretical factor 0.7877. 

3. DETERMINATION OF TIN AND OF GOLD 

If gold is present, the procedure for the determination of tin must 
be modified as follows. Return the filter and precipitate of meta¬ 
stannic acid and gold (section II-2) to the beaker in which the tin 
was precipitated, add 5 ml of sulfuric acid (sp gr 1.84), and destroy 
organic matter by repeatedly adding nitric acid and subsequently 
heating to the fuming point of sulfuric acid. The tin precipitate 
goes into solution, leaving behind the gold, somewhat agglomerated. 
Cool, dilute the concentrated acid solution to 50 ml with distilled 
water, and, because of the instability of stannic sulfate, keep it cool 
and filter immediately through a thin 7-cm paper of close texture. 
Wash the filter paper and its contents thoroughly with cool diluted 
sulfuric acid (1 + 99). The recovered gold is ignited and weighed as 
metal. Dilute the solution of stannic sulfate to 200 ml and set on a 
steambath for 1 hour. Catch and wash the resulting precipitate of 
metastannic acid as described in section II-2. Discard the second 
filtrate and washings. 

4. COMBINED TITRATION OF MERCURY AND SILVER WITH 

AMMONIUM THIOCYANATE 

Transfer the reserved filtrate and washings (a volume of 200 ml or 
less) from the tin determination obtained in II-2 to a 600-ml beaker; 
add a 5-percent solution of potassium permanganate dropwise until 
the solution remains pink for 5 minutes or more. Add small crystals 
of ferrous sulfate to destroy the excess permanganate. Add 4 ml of 
a saturated solution of ferric ammonium sulfate which has been 
decolorized by the addition of nitric acid. Cool the solution to a 
temperature below 15° C and titrate with a standardized ammonium 
thiocyanate solution 3 (approximately 0.05 N) until a distinct and 
permanent pink color is obtained. The solution must be stirred 
vigorously near the end point. This titration represents the total 
mercury and silver and will be used as a basis for the determination 
of mercury (section II-6). 

5. DETERMINATION OF SILVER 

To the solution containing the precipitates of mercury and silver 
thiocyanates add 10 ml of sulfuric acid (sp gr 1.84) and evaporate 
to the fuming point of sulfuric acid. Cool, add 5 ml of nitric acid 
(sp gr 1.42), and again evaporate to the fuming point of sulfuric acid. 
Repeat this procedure at least two times in order to decompose the 

* The ammonium thiocyanate solution may be standardized with pure mercury or silver. The mercury 
or silver should be dissolved as recommended in II-l, diluted to 200 ml, and then titrated as described in 
11-4. 
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thiocyanate. Dilute with distilled water to 300 ml and digest on a 
steam bath until the salts are m solution. Filter to remove any silica 
and add to the filtrate 10 ml of diluted hydrochloric acid (1 + 9) 
digest on a steambath until the silver chloride has coagulated, cool 
to room temperature, and filter through a glass filtering crucible of 
fine porosity V\ ash the beaker and precipitate with cool diluted 
nitric acid (1 + 300). Dry the precipitate in an oven at 120° to 130° C 

lor 1 hour. Cool and weigh as silver chloride. Calculate the weight 
ol silver as metal with the factor 0.7526. 

6. DETERMINATION OF MERCURY 

From the weight of silver determined calculate the milliliters of 
standard thiocyanate required to react with the silver to form silver 
thiocyanate (AgCNS). The difference between the total thiocyanate 
used (section 11-4) and that required to precipitate the silver will 
represent the thiocyanate required to react with the mercurv to form 
mercuric thiocyanate, Hg(CNS) 2 . 

7. DETERMINATION OF COPPER 

i ^' 1 ?T s ^ er filtrate and washings from the precipitation of silver 
chloride (section II—5) to a 600-ml beaker and evaporate to the fuming 
point of sulfuric acid. Cool, wash the sides of the beaker, and again 
evaporate to the fuming point of sulfuric acid. Cool, dilute with 
distilled water to 400 ml, and digest on a steambath until the salts 
are m solution.. Filter to remove silica. Heat the solution on a steam¬ 
bath to approximately 85° C, and precipitate the copper and mercury 
by passing in a stream of hydrogen sulfide for 30 minutes. Filter the 
solution immediately through an 11-cm paper of close texture and 
wash the filter and precipitate thoroughly with cool diluted sulfuric 
acid (1 + 300) which is saturated with hydrogen sulfide. Dry the 
filter and precipitate and ignite them carefully in a porcelain crucible 
in a hood (mercury is volatilized during ignition). Too rapid ignition 
causes the sulfide to melt, with danger of mechanical loss by spatter¬ 
ing. Wipe down the walls of the crucible with a piece of moistened 
asliless filter paper and then ignite the residue in air and finally in 
hydrogen. Cool the reduced metal in hydrogen and weigh it as 
metallic copper. 

8. DETERMINATION OF ZINC 

The zinc is precipitated as the sulfide from a buffered solution, as 
described by H. A. Fales [2]. 

Evaporate the filtrate and washings from the precipitation of copper - 
and mercury to 50 ml or less. Neutralize with diluted ammonium 
hydroxide (1 + 1) to the red-yellow end point of thymol blue 4 (about 
pH 1.5). Add 25 ml of a 20-percent solution of citric acid and neutral¬ 
ize to the yellow-blue end point of bromphenol blue (about pH 4). 
Add 25 ml of “formic mixture” (200 ml of formic acid, 90 percent; 

30 ml of ammonium hydroxide, sp gr 0.90; and 200 g of ammonium 
sulfate diluted to 1 liter with distilled water) and 20 ml of formic acid 


Becau.se the solutions are colored by iron, a procedure recommended by Gilchrist [1] was used for determin- 
me the indicator end points. A drop of the indicator (0.01 percent) is permitted to react with a drop of the 
solution on the end of a stirrinp rod. 
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(90 percent). Dilute to 200 ml. Precipitate the zinc by passing in a 
stream of hydrogen sulfide for 1 hour. Let the solution stand 2 hours 
and filter through a paper of close texture. W ash the filter and precipi¬ 
tate thoroughly with a diluted formic acid solution (1 + 250) which 
is saturated with hydrogen sulfide. Without removing the filter or 
precipitate from the funnel, dissolve the precipitate by successive 
washings with hot diluted hydrochloric acid (1 + 1). Evaporate to 
5 ml and dilute to 50 ml. Adjust the acidity, reprecipitate, and wash 
the precipitate as before. Carefully ignite the precipitate and paper 
in a porcelain crucible with a final temperature between 950° and 
1,000° C for one-lialf hour. Weigh as zinc oxide and calculate the 
weight of zinc as metal with the factor 0.8034. Blank runs must be 
carried through all the steps of this zinc procedure because of the large 
quantities of reagents used. 

III. DISCUSSION OF THE METHOD 

1. PREPARATION AND SOLUTION OF THE SAMPLE 

If an amalgam restoration which has been in service is to be ana¬ 
lyzed, it is essential that surface tarnish and coatings be removed. 
This can be done by using a fine file or dental burr operated in such a 
manner as to prevent local heating and loss of mercury. 

No loss of mercury will occur through volatilization if the sample is 
dissolved in nitric acid as recommended. Weighed samples of pure 
mercury and mercury-silver mixtures were dissolved in nitric acid 
and evaporated to dryness on a steambath. When the samples were 
titrated with thiocyanate, the results were correct for both silver and 
mercury. See experiments 3, 4, 5, 6, and 7 in table 1. 

2. INTERFERING ELEMENTS 

Chlorides, bromides, or iodides interfere when the thiocyanate 
titration is made. These elements form precipitates with silver and 
complex salts with mercury which would give a low titer. Bromides 
and iodides would also interfere with the silver chloride determination. 

Cuprous copper and mercurous mercury interfere with the thiocy¬ 
anate titration Because they form insoluble thiocyanates. They must 
be oxidized as indicated in the procedure. 

Oxides of nitrogen interfere because they decompose the thiocyanate 
ion. The solution obtained by dissolving the sample in nitric acid is 
evaporated to dryness for this reason. Freshly boiled nitric acid should 
be used where indicated. 

3. THIOCYANATE END POINT 

The color change in the combined titration of silver and mercury 
w T ith thiocyanate is sharp and can be readily obtained if the solution is 
maintained below 15° C and is vigorously stirred near the end point. 
Titration should be continued until a permanent and distinct rose- 
brown color is observed. A slight straw color is often observed before 
the end point; this should not be mistaken as the end point. The rose- 
brown color can best be observed by permitting the precipitate to 
settle and observing the color through the supernatant liquid. 
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4. SIMPLIFICATION OF PROCEDURE FOR CONTROL WORK 


The foregoing procedure may be simplified and shortened when an 
approximate analysis is desired. For example, entire specimens or 
sections of specimens on which physical tests have been made can be 
weighed and dissolved as described in II—1. Tlie mercury and silver 
are. simultaneously titrated with thiocyanate without removing the 
metastannic acid precipitate. From this value and a knowdedge of the 
silver content of the original alloy (determined by titrating a weighed 
sample with thiocyanate), the amount of mercury or silver in the 
amalgam may be calculated from the following equations. 

Equation 4 is used to calculate the amount of silver. This value for 
silver is used in eq 3 to calculate the mercury. 

In the following equations 

a = percentage of silver in the silver alloy divided by 100. 
b =weight (mg) of sample of amalgam. 

7/(7=weight (mg) of mercury in the amalgam, 
weight (mg) of silver in the amalgam, 
weight (mg) of silver alloy in the amalgam. 

t t ammonium thioc 3 r anate solution. 
mZ=the volume (ml) of thiocyanate used for the titration. 


Hg + Ag 


100.3 ' 107.88 


Ug + Ag + (~^)Ag = 


Hg + Ag^ 


1 + 


=N ml 

(1) 

)Ag=b 

(2) 

s )>‘ 



Hg+^=b 


a 


Hg=b — 


Ag 


Substituting Hg in eq 1, 

b 


a 


Ag 


+ 


Ag 


100.3 100.3a 1 107.88 


N ml 



Ag 

100.3a 


Ag _ b 
107.88 100.3 


—N ml 


Ag 


100.3 


—N ml 


1 


1 


From eq 2 


100.3a 107.88 


0.009970X6 —A 7- ml 
0.009970 X— —0.00927 

CL 


s =^+(VV^{i+(V)] 


S= Ag 


a 


(4) 


(5) 


The weights of tin, copper, zinc, and gold can be calculated if the 
chemical composition of the silver alloy is known, from the weight of 
alloy used in the amalgam, as determined by eq 5. 
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The values from these calculations (eq 3, 4, and 5) will be subject 
to error caused by the small amount of the alloy removed with the 
excess mercury during packing. (See Souder and Sweeney [3].) 

IV. EXPERIMENTAL RESULTS 

The results of 19 experiments, performed in the development and 
verification of the recommended procedure, are compiled in table 1. 
Experiments 1 through 7 show the accuracy in titrating weighed 
portions of pure silver and mercury with ammonium thiocyanate. 
Experiments 8 through 17 illustrate the accuracy of separations in¬ 
volved in the analysis of dental amalgams. Experiments 18 and 19 
demonstrate that mercury and silver may be titrated in the presence 
of metastannic acid with ammonium thiocyanate. 

Table 2 illustrates the accuracy of the calculations used in the 
modified procedure. The data given for experiments 10 through 17 
in table 1 were used for these calculations. 


Table 1. —Results illustrating the accuracy of the procedure 


Experiment 

Mercury 

Silver 

Tin 

Copper 

Zinc 

Taken 

Recov¬ 

ered 

Taken 

Recov¬ 

ered 

Taken 

Recov¬ 

ered 

Taken 

Recov¬ 

ered 

Taken 

Recov¬ 

ered 


Grams 

Grams 

Grams 

Grams 

Grams 

Grams 

Grams 

Grams 

Grams 

Grams 

I 



0.1005 

0.1004 










. 1192 

. 1193 







1 

0 0733 

0 0733 









4 

2150 

. 2150 









r 

1143 

. 1140 









ft 

114ft 

. 1141 

. 1319 








7 

2275 

. 2272 

. 0666 








W 

• A# A# 0 V/ 

.0819 

.0811 

. 1321 

0. 1321 

0.0524 

0.0524 

0. 0087 

0. 0089 




0876 

.0874 

. 1304 

. 1304 

.0517 

.0516 

.0086 

.0086 



a,._____ 

10 . 

. 1824 

.1822 

.0535 

.0534 

. 0208 

. 0209 

.0035 

.0035 

6.0008 

0.0009 

1 1 

.1170 

. 1170 

.0348 

. 0345 

. 0135 

.0138 

.0023 

.0024 

.0005 

. 0002 

12 

.0826 

.0827 

. 0567 

. 0562 

.0221 

.0224 

.0038 

. 0039 

. 0008 

.0008 

13 

. 1070 

. 1070 

.0727 

.0726 

.0284 

.0283 

.0048 

.0048 

.0011 

.0012 

14 

.0663 

.0665 

. 1073 

. 1072 

.0418 

.0412 

.0071 

. 0075 

. 0016 

.0019 

15. 

.0565 

.0566 

.0900 

.0897 

.0351 

.0348 

.0059 

.0060 

.0013 

.0015 

1ft 

.0115 

.0119 

. 1495 

. 1492 

.0583 

.0587 

.0099 

.0100 

.0022 

. 0020 

17 .. 

.0172 

.0176 

.2215 

.2212 

.0863 

. 0866 

.0147 

.0147 

.0032 

.0031 

1 ft 

1 soft 

1596 

2211 


.0876 


.0145 




AO----- 

19.. 

. 1057 

. 1056 

■ <**« * * 

. 2402 

--- 

. 0952 

- - - • - - - - 

.0158 

- - 




Table 2. — Calculations illustrating the accuracy of the modified procedure 1 


(The composition of the silver alloy used in these experiments is: Tin, 20.5 percent; silver, 68.1 percent; 

copper, 4.5 percent; zinc, 1.0 percent] 


Experiment 

Sample of 
amalgam 

Volume of 
ammonium 
thiocya¬ 
nate * 
(NH 4 CNS) 

Silver 

Mercury 

Taken 

Calculated 

Taken 

Calculated 


Milligrams 

Milliliters 

Milligrams 

Milligrams 

Milligrams 

Milligra ms 


261.0 

46. 45 

53.5 

53.8 

182.4 

182.0 


168.1 

29. 87 

34.8 

35.2 

117.0 

116.4 

3.-... 

166.0 

27. 08 

56.7 

57. 2 

82.6 

82.0 


214.0 

34. 96 

72.7 

73.2 

107.0 

106.5 

5.. 

224. 1 

33.28 

107.3 

107.4 

66.3 

66 . 4 


188.8 

28. 04 

90.0 

90. 5 

56. 5 

55.9 

7..-. 


30. 17 

149.5 

149.9 

11. 5 

11.3 

8 .. ..- 

■KH 

44.71 

221. 5 

222.0 

17.2 

16. 9 


• These values were determined on experimental mixes of amalgam from which the excess mercury was 
not expressed and are, therefore, not subject to the error caused by the removal of small amounts of metal 
with the mercury normally expressed during packing. 

* Ammonium thiocyanate (NH|CNS) = 0.0498 N. 
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X-RAY STUDIES OF COMPOUNDS IN THE SYSTEMS Pb0-B 2 0 3 

AND K 2 0-Pb0-Si0 2 

By Howard F. McMurdie 


ABSTRACT 


X-ray diffraction data as determined from powder patterns of 10 compounds 
occurring in the systems Pb0-B 2 0 3 and K 2 0-Pb0-Si0 2 are published as a supple¬ 
ment to the phase equilibrium work previously reported on these systems. these 
data may be useful in related studies for identification of phases. The unit cell 
of K->0.2Pb0.2Si0 2 was determined and a possible atomic arrangement out¬ 
lined. 


CONTENTS 


I. Introduction 

II. Methods- 

III. Results- 

IV. Summary.. 

V. References.. 


Pane 

489 

489 

490 

490 

491 


I. INTRODUCTION 

Reports have been published on the systems PbO-Si0 2 [1], 1 K 2 0- 
PbO-Si0 2 [2], PbO-B 2 0 3 [3], and Pb0-B 2 0 3 -Si0 2 [4] by the National 

Bureau of Standards. These phase equilibrium studies are of interest 
to investigators of lead glazes, enamels, and glasses. X-ray diffrac¬ 
tion patterns have been reported for compounds in the system 
PbO-Si0 2 [5] and for the ternary compound, 5Pb0.B 2 0 3 .Si0 2 [4]. 
Since X-ray powder patterns of crystallnie phases aid in most in¬ 
vestigations of these or related systems, it has been thought desirable 
to publish X-ray data for compounds in the systems Pb0-B 2 0 3 and 
K 2 0-Pb0-Si0 2 . This present report completes the data pertaining 
to the patterns of all of the stable lead compounds so far mentioned 
in these four systems. 

II. METHODS 

The methods used in the preparation of the compounds and their 
identification by means of the polarizing microscope, together with 
the optical properties as measured by the microscope, have been 
given in the reports mentioned. 

For the preparation of the powder patterns, the powdered samples 
were mounted on fine glass rods in the center of cylindrical cameras, 
having radii of about 5.7 cm, and were rotated during exposure. 
CuK a radiation was used. The radii of the cameras were checked by 


i Figures in brackets Indicate the literature refcrences'at the end of this'paper. 
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iTt‘ e P oslt ? ons . of the lines on the film were measured to 0.1 
mm and the relative intensities were calculated. 


III. RESULTS 

* n ^2f fc n ase f s th f compounds are of such low symmetry that it is 

the compounds (K 2 0.2Pb0.2Si0 2 ) is hexagonal and its unit cell has 
been measured. 

ir, V° ?K gl ^ e n the • iotccpfaoar spacings and estimated relative 
o l So ° r i™ lead borates: a4Pb0.B 2 0 3 , /34PbO B 2 0 3 

B2 ? 3 ’ ^2Pb0.B 2 0 3 , 5Pb0.4B 2 0 3 , and Pb0.2B 2 0 3 . 

tTf Oapln^! I S 1 l lar data for three of the ternary compounds 

(K 2 0.4Pb0.8Si0 2 , K 2 0.Pb0.4Si0 2 , and K 2 0.2Pb0.2Si0 2 ) occurring in 

pkowo” Iv 2 0-Pb0-Si0 2 . Because of the instability of 2K 2 0. 
l bU.clbiU, an X-ray pattern was not made. The compound in table 
10 designated as unknown” is identical with that referred to in the 

original work on the system as a “fifth compound.” Its composition 
has not been determined. 

K 2 0.2Pb0 2Si0 2 crystallizes in hexagonal plates and is optically 
uniaxial. The pattern, represented by data given in table 9, was 

nno \° rpf hexagonal lattice with a = 5.62±0.02 A and c= 7.57 
±U.Uz A. Ike spacings calculated for the various planes using these 
values are given in the last column. With one molecule to the unit 
cell, this size gives a calculated density of 5.25. The density deter¬ 
mined pycnometer was 5.15. Considering that the sample con¬ 
tained some glass, this is good agreement. 

Study of the reflections present shows no regular halving; thus 

several space groups are possible. Intensity calculations on a few 

simple planes indicate that very probably the atoms are arranged 
as follows m CL: 


2 K in 2 d (1/3 2/3 z) (2/3 1/3 z) [6J z«0.5 

2 Pb in 2 d (1/3 2/3 z) (2/3 1/3 z) z«0 

2 Si in 2 c (0 0 z) (0 0 z) z« .28 

1 O in 1 b (0 0 1/2) 

6 O in 6 g (x y z) etc. z« .18 

Such an arrangement gives a structure consisting of two silica 
tetrahedrons with a single shared oxygen (at 0 0 1/2). The K and 
Pb atoms are each equidistant from six oxygen atoms. The x and y 
parameters for the oxygen atoms were not determined. If they have 
a simple ratio, it might result in the crystal having the sjunmetry of a 
higher space group, such as DJ d or D^ d . 


IV. SUMMARY 

The X-ray diffraction patterns for 10 compounds occurring in the 
S 3 7 stems Pb0-B 2 0 3 and K 2 0-Pb0-Si0 2 have been determined. These 
can be used by workers in related studies for identification of crystal¬ 
line phases. The unit cell of K 2 0.2Pb0.2Si0 2 was determined and a 
tentative structure outlined. 


The author is grateful to E. N. Bunting for the preparation and 
identification of the specimens examined and for the determination of 
the density of K 2 0.2Pb0.2Si0 2 . 
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Table 1.— Interplanar spacing of aPbO.B 2 Oj 


[VS =» very strong; VW = very weak; M =medium; S = strong; W = weak] 


Estimated intensity 

d 

Estimated intensity 

d 

W. 

A 

4. 20 

M._. 

A 

2.280 

W... 

3.87 

W... 

2. 248 

s._. 

3.59 

W ... 

2.093 

M. 

3.44 

VW. 

2.070 

M . 

3.34 

VW.. 

1.916 

VS.. . 

3. 12 

VW. 

1.893 

M.. 

3.07 

VW... 

1.854 

M... 

3.00 

8.. 

1.799 

W. 

2. 94 

M.. 

1.769 

S. 

2.86 

VW... 

1.754 

w. .. 

2.71 

VW. 

1.735 

vw . 

2. 55 

S-... 

1. 708 

vw . 

2. 435 

M. 

1. 659 

w ... 

2. 379 

s . 

1.646 




Table 2.— Interplanar spacing of /34PbO.B 2 0| 


[VS = very strong; VW = very weak; M = medium; S=strong; W=weak] 
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Table 3. —Interplanar spacing of a2Pb0.B 3 0 3 


[VS = very strong; VW=very weak; M=medium; S = strong; W = weak] 



Table 4. —Interplanar spacing of /S2Pb0.B 3 0 3 

[VS = very strong; VW=very weak; M=medium; S=strong; W = weak] 



Table 5. —Interplanar spacing of 5Pb0.4B 3 0 3 

[V8 = very strong; VW = very weak; M = medium; S = strong; W = weak] 
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X-ray Patterns of Some Lead Compounds 

Table 6. — Interplanar spacing of Pb0.2Bj0j 


[VS = very strong; VW = very weak; M = medium; 8=«strong; W = weakJ 



Table 7 .—Interplanar spacing of K a 0.4Pb0.8Si0 2 

[VS = very strong; VW=very weak; M = medium; S = strong; W=weak] 



Table 8. —Interplanar spacing of K 3 0.Pb0.4Si0 3 

[V8=»very strong; VW = very weak; M = medium; 8=»strong; W = weak] 
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Table 9 .—Tnterplanar spacing for K 3 0.2Pb0.2Si0 3 

[Based on a*= 5.62 A; c— 7.57 A hexagonal lattice] 

[VS = very strong; VW=very weak; M = medium; S=strong; W = weak] 


Estimated intensity 


S... 

w_. 

s... 

vs.. 

s... 

M.. 

vw 

\v._ 

vw 

M.. 

s._. 

M._ 

VW 

w.. 

M.. 

s... 

M.. 

VW 

W.. 

VW 



d 

hkl 


A 

7.5 

001 

» — 

4.83 

100 


4.08 

101 


2.98 

102 


2.80 

110 


2 . 62 

111 


2. 52 

003 


2.42 

200 


2.314 

201 


2. 237 

103-112 

• w 

2.043 

202 


1.893 

004 


1.833 

120 


1.779 

121 

__ 

1.760 

104 

• 

1.656 

122 

.. 

1.619 

300 

.. 

1.578 

301 


1. 568 

114 

— 

1.516 

005 


d (calcu¬ 
lated) 


A 
7.6 
4. 85 
4.08 
2. 98 
2.80 
2.63 
2. 52 
2. 43 
2. 32 
2. 242 
2.040 
1. 893 
1.840 
1.782 
1. 765 
1.655 
1.619 
1.582 
1.568 
1.514 


Table 10 .—Interplanar spacing of K 3 0-Pb0-Si0 2 compound of unknown 

composition * 


[VS = very strong; VW = very weak; M = medium; S=strong; W=weak] 


Estimated intensity 

d 

Estimated intensity 

d 

S... 

A 

8.32 

VW . 

A 

2. 42 

w. . 

6.05 

M _ 

2. 30 

w.._. 

5. 85 

VW.... 

2.23 

vw.. 

4. 36 

vw... 

2. 165 

vw. 

4.12 

M _ 

2.070 

vs. 

3. 51 

w .. 

1.996 

w___. 

3. 18 

M... 

1.939 

w. 

2. 95 

W... 

1.833 

M 

2. 84 

M_ 

1.729 

M 

2. 74 

s... 

1.703 

M 

2. 65 

W.. 

1.618 

W__ 

2. 51 




• This compound was reported as a primary phase in a small field adjacent to the silica field. It melts 
incongruently. 


Washington, March 22, 1941. 
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SLOPES OF pv ISOTHERMS OF He, Ne, A, H 2 , N„ AND 0 2 AT 

0° C 


By Carl S. Cragoe 


abstract 

The change of pi* (pressure times volume of a constant mass of gas) with 
pressure or density at constant temperature and low pressures is treated as a 
characteristic physical quantity. Various methods of determining this quantity 
from available experimental data for several gases, including He, Ne, A, H 2 , 
N 2 , and 0 2 , are examined with special reference to the reliability of the values 
at 0° C. 

Reliable values for these quantities are important for many purposes, such as 
correcting temperatures measured by means of gas thermometers to the thermo¬ 
dynamic scale and in the derivation of the absolute temperature of the ice point, 

T 0 . 
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XIV. Conclusion_ 535 
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I. INTRODUCTION 

In many fields of science it is frequently possible to calculate a 
desired result in several different ways, sometimes employing the 
results of more than one set of measurements. In many cases it is 
found that such calculations lead to somewhat different results, de¬ 
pending upon the assumptions and auxiliary numerical values used 
to obtain a derived result. If great exactness is desired it is obvious 
that careful consideration should be given to the reliability of (1) each 
set of experimental data, (2) each result derived therefrom, (3) the 
various methods of calculation, and (4) the assumptions employed. 
This appears to be especially applicable to the derivation of some of 
the so-called fundamental or basic physical constants, which cannot 

495 
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be obtained by direct measurement but must be obtained indirectly 
by calculation, using certain assumptions. 

The numerical values of many basic physical constants which have 
been used for years are now in such an unsettled state that it is difficult 
for an unbiased person to decide which of the many published “recom¬ 
mended” or “accepted” values to use in his calculations. While this 
is particularly true in the case of the so-called atomic constants, it 
also appears to apply to what may be called thermodynamic constants, 
including the gas constant (i?,&), the absolute temperature of certain 
“fixed points”, such as the ice point, and the atomic or molecular 
weights of some of the simpler gases. 

It is not the intention in this paper to derive additional “recom¬ 
mended” or “accepted” values for these constants but rather (1) to 
examine the reliability of some of the experimental data and methods 
used to obtain derived values for such constants, (2) to follow some 
of the recommended procedures which have proved useful in the ap¬ 
praisal of experimental data, and (3) to point out some of the ap¬ 
parent misinterpretations, inconsistencies, and discrepancies existing 
in the data on the properties of certain gases at pressures below 2 
atmospheres. 

II. AVAILABLE DATA 

There are available in the literature very extensive data on the 
density or specific volume of different gases at various pressures and 
temperatures, often referred to as p,v,T data. Many of these pub¬ 
lished data are supposed to be the direct result of experiment and 
are frequently given in nonintegral multiples of some unit of density 
or specific volume, pressure, and temperature. Comparison of the 
experimental results of one observer with those of another observer, 
which are expressed in different nonintegral multiples of a different 
set of units, can be made accurately in general only by the expenditure 
of considerable arithmetical labor and by employing reliable methods 
of interpolation. Some data, which are given at integral temperatures 
and pressures, are supposed to be results obtained from experiments 
by some process of smoothing, the details of which are usually not 
specified. In some cases the results of a certain set of experiments, 
such as those obtained at a constant temperature, are given in the 
form of an empirical equation. In other cases a large group of ex¬ 
perimental results covering a range of both temperature and pressure 
is embodied in a single equation, frequently called an equation of 
state. Many different forms of such equations with various degrees 
of complexity have been devised, but it is rather significant that there 
has been a pronounced decline in the number of such equations pub¬ 
lished in the last decade. 

Wliile it is possible to calculate from such equations not only the 
slopes of the pv isotherms but also many other important character¬ 
istics of gases, a serious difficulty arises if the demands as to accuracy 
are high and if careful consideration is given to the reliability of such 
derived results. In many instances the situation is so complex that 
it is exceedingly difficult, or next to impossible, to make even an 
educated guess as to the reliability of a derived result. 

A superficial examination of the isothermal pv data discloses that 
the experimental results of the different observers in the range below 
2 atmospheres generally differ markedly. Further investigation dis- 


Craqoe ] 


497 


Slopes of pv Isotherms 

closes that the results derived from a given set of experiments in¬ 
cluding observations above this range and also at about 1-atmosphere 
pressure, differ appreciably, depending upon the interpretation of the 
experimental data and the methods employed to obtain a derived 

result. . , , 

There appear to be two schools of thought relative to the best 

method of determining numerical values for the slopes of the pv 
isotherms below 2 atmospheres. One group of experimenters, working 
in the field of atomic and molecular weights, use only data obtained 
at and below 1-atmosphere pressure in the reduction of their data, 
completely ignoring the existence of data at higher pressures. The 
propriety of this procedure has been questioned by Wild [ 1 ]. 1 In 
obtaining probable values for certain atomic weights and also the 
gas constant, Birge [2] identifies himself with this school by ignoring 
data above 1 atmosphere. 

Another group of experimenters, working in the field of gas ther¬ 
mometry, make similar reductions of their results obtained at pres¬ 
sures below 2 atmospheres, but use values for the isothermal slopes 
deduced from pressures considerably above this range. The Physi- 
kalisch-Technische Reichsanstalt and the Leiden Cryogenic Laboratory 
have published extensive data obtained in the interval 1 to 100 
atmospheres. Since the major use they have made of these data is 
in the reduction of their gas thermometry results, their position on 
the subject may be inferred. 

Since both groups have one point in common, namely, at 1 atmos¬ 
phere, which has been used almost universally as a conventional 
reference point, it appeared to be worth-while to examine the course 
of the pv curve on both sides of this reference point, using some of the 
most precise data obtained by each group. It is generally assumed 
by both groups that the pv versus p, or the pv versus 1/v curves are 
straight lines below 2 atmospheres within the experimental errors of 
the measurements. For the purpose of this paper, the slopes of 
these curves are regarded as important quantities whose numerical 
values arc needed to the highest accuracy attainable for calculating 
other important derived physical constants. 


III. THEORETICAL PREDICTIONS 

While the approach here is chiefly from the experimental side, it 
may be well to summarize briefly some of the predictions of theory, 
especially those relating to the form of equation which may be expected 
to represent experimental results satisfactorily. One important 
prediction is that at 0° C, at least, no chemical changes such as dis¬ 
sociation and association arc to be expected in the case of the simpler 
monatomic and diatomic gases. Another is that the pressure, p } is a 
function only of the density, p, of a given kind of gas at a fixed 
temperature. Suppose it is assumed that the function is a power series 

P=do +«ip + a 2 p 2 + Oap 3 + . . . , (3.1) 

which is known to be capable of representing any curve if enough 
terms are employed. Suppose further that the constant coefficients, 
the a’ s, are determined from experimental data, using the method of 


1 Figures in brackets indicate the literature references at the end of this paper. 
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least squares. Theory demands that c 0 =0, but it practically never 
turns out to be zero identically in a least-squares treatment of the 
experimental data. It is very generally agreed that this may easily be 
ascribed to experimental errors and that the series may be written 

PV=^ ) =a 1 + a?p + a 3 p 2 + ... , (3.2) 

where v is specific volume. It should be noted that pv has the physical 
dimensions of energy per unit mass, which makes it an important 
parameter from the standpoint of thermodynamics and statistical 
theory, which employ the well-known exact laws of conservation of 
mass and energy and permit the adding up of separate contributions 
to the total energy. Statistical theory predicts that at low pressures 
the foregoing series should be mathematically convergent, so that 
each succeeding term must be smaller than the preceding term. 

All of these theoretical predictions appear to be amply supported 
by experiment. That the series is rapidly convergent is clearly 
indicated by the numerical values obtained from experiments which 
are considered later. For He, Ne, A, H 2 , N 2 and 0 2 at 0° C and one 
atmosphere, for example, the term a 2 p turns out to be less than 0.1 
percent of cq in all cases, and the term a 3 p 2 is at most of the order of a 
few parts in a million compared with a x . 

It is common practice to reduce pv measurements at pressures where 
high accuracy is attainable to low-pressure conditions in much the 
same wa} r that accurate weighings are reduced to so-called vacuum 
conditions, that is, to what would have been obtained if the measure¬ 
ments had been made at very low pressures. The fact that accurate 
measurements cannot be made at low values of p and p appears in 
principle to be of no more practical importance than the fact that 
accurate weighings cannot be made in an absolute vacuum. 

At very low pressures eq 3.2 reduces to a form which embodies the 
laws of ideal or perfect gases given in many textbooks, namely 


RT 

pv =M = 



(3.3) 


where v is the volume of 1 gram of gas, R is the universal gas constant, 
T is absolute temperature, and Ai is molecular weight, all three being 
determinable from combinations of experimental values for a x . 

Modem theories attribute the known deviations from the foregoing 
equation to the mutual interaction of the gaseous particles, sometimes 
referred to as Van der Waals’ forces. It is generally agreed that the 
force of attraction between two such particles varies inversely as r 6 , 
where r is the distance between centers. In some instances the force 
of repulsion is assumed to vary inversely as r n , where n is about 
9 to 12; in other instances an exponential relation is assumed. In 
any case, it seems clear that as the density is decreased indefinitely, 
the frequency of collisions, using the language of kinetic theory, must 
decrease. Since the average distance apart alsojdeer eases, the effects 
/of Van der Waals* forces must also decrease, yielding values for a l 
at very low pressures which are independent of such effects, often 
called imperfections of the gases. 

The situation at present, relative to the specific effects of such 
imperfections, appears to be that, while marked advances have been 
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made, the theory is not yet far enough advanced to predict sufficiently 
accurate values for the constant a 2 and that better experimental values 
are needed in order to test adequately various hypotheses, and to aid 
in the development of reliable theories. 

IV. METHODS OF CALCULATION 

An accurate value for a 2} which has a different value for every tem¬ 
perature, has been the major goal of many experimental investigations. 
Some of the methods used to calculate a 2 from a given set of measure¬ 
ments, particularly at higher pressures, are open to several serious 
objections, because these methods introduce inaccuracies in a? which 
appear to exceed the inaccuracies inherent in the measurements 
themselves. High accuracy in calculations of this kind, as in the 
measurements, can be obtained only by exercising eternal vigilance 
in a multiplicity of small details. Many of these details appear 
worthy of brief mention here, since they are frequently ignored by 
many workers in this field. 

It seems to be generally agreed that least-squares methods yield 
the “best” results and at the same time furnish an impersonal method 
of calculating mathematical probable errors which may be attached 
to published data. There are in the present application what may be 
termed “chemical errors,” introduced by the presence of impurities 
in the gases, and also “physical errors,” introduced in the calibration 
of weights and of the instruments used to measure pressure in terms 
of the fundamental standards of mass, length, and time, as well as 
many other possible physical sources of error. The true probable 
error should include all three kinds of errors, but the chemical and 
physical errors generally cannot be evaluated adequately from pub¬ 
lished information. Only by comparison of results from several in¬ 
dependent investigations which differ by more than the sum of their 
mathematical probable errors can evidence be obtained of the magni¬ 
tude of the systematic errors. 

Least-squares methods have been followed here, but as pointed out 
by Birge [2] some judgment must be used in particular applications. 
For example, many of the results from the atomic-weight group give 
densities at only three pressures. If three terms in eq 3.2 are used, 
the fit is exact. If only two terms are used and each measurement 
is given equal weight, the usual solution yields the best simultaneous 
set of values for a x and a? From the standpoint of atomic weights, 
the emphasis is on obtaining a Xf but the immediate emphasis here is on 
obtaining the best value of a 2 from the measurements. 

Considerable arithmetical labor may be saved by choosing one point 
as a reference and eliminating a x . While, in principle, any point 
might be chosen, 1 atmosphere and 0° C has been used for conven¬ 
ience and designated by the subscript zero throughout this paper, 
unless otherwise specifically stated. Thus, writing the equation for 
any corresponding values of p and p 

pv=CLi-\- a 2 p 

and for the reference point 


PoVo — 0/\ -j— CL 2 Pq. 
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Elimination of a x gives 

pv—p 0 v 0 =a 2 p—a 2P0 or ~ PoV ° =a 2 . 

P — Po 

The mean value of a 2 obtained by this method of calculation is the 

same as the one obtained by the previous method, if each point is 
again given equal weight. 

Thus far no attention has been given to the question of dimensions 
and units, it is obvious that a 2 p must have the same dimensions as 
pv; hence the numerical value of a 2 depends upon the units used, 
ihe very large number of different units used to express v, v, and p 
make interconversions for different combinations of units very difficult 
and troublesome at times. Such difficulties may be easily eliminated 
by writing the equation in the equivalent forms 


Pv x 

F=»[l1)] or =a 2 ', 

Po 

in which a 2 is obviously dimensionless and independent of the units 
used for p , v, and p. 

In many cases the density is not measured. The mass of gas is held 
constant and only the volume is measured, so that p/p 0 must be replaced 
hy v 0 /v. Similarly for convenience, p/p 0 is very frequently replaced by 
plPoy which involves an approximation good to better than 0.1 percent 
m most cases considered here below 2 atmospheres, which is better 
than a 2 is known in general. Another alteration sometimes made is 

the use of an exponential equation. Since e x = 1 +x+x 2 /2+ _, 

with x=a 2 [(p/po) — 1], which is here always less than 0.001 below 
2 atmospheres, x 2 /2 and higher-power terms are less than 1 in 10. 6 
None of the measurements of p or v appears to be reliable to better 
than this amount. 

These several alterations are referred to later, so that the various 
forms are assembled here as 


pv 


=2V\)[ 


1 + a, 


Vo 



pv=p 0 v 0 e at 




pv=p 0 v 0 e ai 




(4.1) 



(4.3) 


(4.4) 
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The symbol a, with a different subscript for each form of equation, is 
used to denote that they are not identical in value, but for practical 
purposes the a’s are all the same as ol 2 in the range below 2 atmos¬ 
pheres. In precise language, each a represents a number obtained 
from measurements at any equilibrium state {pv ) and at the reference 
state {p Q v 0 ) on a constant mass of gas at a constant temperature. In 
this sense the as differ from the constant coefficient a 2 in that they are 
variable coefficients analogous to the a in the familiar equation 
l — l 0 [\-\- a (t — f 0 )], in which l is length, t is temperature, and a is usually 
called the coefficient of linear expansion. Over a short interval, all 
a’s may be considered as constants for practical purposes, but measure¬ 
ments made over a wide interval prove them to be variables in every 
case. The fact that eq 4.1 to 4.4 all reduce to 0/0 =a at the reference 
state is of no consequence, for differentiation of these equations shows 
that all a’s represent the derivative at this point, and hence they 
replace in the more exact mathematical language what have previously 
been called the isothermal pv slopes. 

The analogy between the pv coefficients and the coefficient of linear 
expansion appears to be very close in several respects. For example, 
judgment dictates that, with the precision attainable, a highly reliable 
value for the coefficient of expansion of steel or fused silica cannot 
be obtained by making measurements at two temperatures 1 degree 
apart. The pv coefficients are correspondingly small and judgment 
again dictates that reliable values cannot be expected from measure¬ 
ments with attainable precision at pressures 1 atmosphere or less 
apart. In both cases it appears that greater reliability may be ob¬ 
tained by representing a , obtained from measurements over a wide 
interval, by means of an adequate empirical equation and then calcu¬ 
lating therefrom a value of a at the reference point, which very 
probably would have been obtained if more precise measurements 
could have been made in the immediate vicinity of the reference point. 

V. UNCERTAINTIES 

The major objective here is to obtain not only a value for 0 ^ or a at 
1 atmosphere from different investigations but also an estimate of 
reliability. In most investigations there are only a few, usually 
three to eight, essentially different points which serve to define a curve. 
The calculated value for the slope of the curve at 1 atmosphere may 
be so materially affected by systematic errors and by the form of 
analytical relation assumed to represent the curve that the calculated 
probable error may have but little significance as a criterion of reli¬ 
ability, and may give a false sense of security in the particular applica¬ 
tion. In order to make some allowance, although arbitrary, for such 
effects, the estimated uncertainty has been taken as approximately 
tlirce times the mathematical probable error, following in general the 
recommendations of Rossini and Doming [3]. 

There are only two types of application used here. When a is 
assumed to be constant over an interval within the indicated precision 
of the data, the uncertainty, u, in the mean value of a is taken as 

_ o r ZwA 2 "I* 

U L(n-l)(2to)J ’ 


(5.1) 
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When a linear relation such as a=a-\-bx is assumed, the uncertainty 

in a or the value of a when z=0, obtained by the method of least 
squares, is taken as 


2 r (XwA 2 )(Xwx 2 ) -1* 

(n— 2)*[_(2wr) 2 — (2w)(2wz 2 )J ' { - 5 ' 2 > 


In both cases, ms the number of observations, w is the weight assigned, 

and A is the residual or difference between the observed and calculated 
value of a. 


An estimate of the true but unknown uncertainty may be obtained 
by assigning errors to each element which enters into the final result 
In most of the measurements it appears almost certain that the true 
errors in each element are less than 1 in 10 3 . Hence, to an approxi¬ 
mation good to better than 1 in 10 6 , the error in pressure mav be 
written J 


p'=p + &p= v (l+*£-'^= pe P, ( 5 . 3 ) 

W ^ere p is the true value, p is the observed value, Ap is the true error, 
and Ap/p is the fractional error in p. Similar relations may be written 
lor volume, v, mass, m; and temperature, T; so that 


p'v' = pv 
Po'v 0 ' PqV 0 * 


where the combined fractional errors are 


( 5 . 4 ) 



Ap 0 Av 

Po^V 



AT 

T’ 


( 5 . 5 ) 


which includes possible errors in the assumed constancy of mass and 
temperature. Thus the true error in a appears in the last terms of 
relations, such as 


ln_£V qE 

PqVq ^ pqVq . y 

■Z-i -P-1-2-1 

P 0 Po Po 





( 5 . 7 ) 


and corresponding relations for a! and a 2 with [(v Q lv)-l] in the denomina¬ 
tor. The error in the denominator has been neglected for simplicity, 
since by hypothesis this affects a less than 1 in 10 3 , while the last term 
may be many times this amount. 

For oxygen and argon a is of the order of 10 -3 . In order to obtain a 
value of oc for oxygen or argon with a true uncertainty of less than 1 
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percent, the combined fractional 
following: 

fr' 

0.5 

1 

10 

100 


errors, ?/, must be less than the 


v 

5X10-® 

10 -* 

10~ 4 

10- 3 


For the other gases included herein, a is about 4 to 6X10 -4 , so that 
the corresponding requirements are only slightly higher. 

The scatter of the computed values of a obtained from measurements 
at less than 2 atmospheres indicates random fractional errors of several 
units in 10 -6 , even in the most precise measurements available, and 
very much larger errors in other cases, which it has not seemed 
worthwhile to consider in detail here. Since there is no positive 
assurance that the systematic errors may not be as large as or even 
larger than the apparent random errors, which already exceed the 
limits stated above, it is obvious that a cannot be obtained with a true 
uncertainty of less than 1 percent from available measurements at 
pressures less than 2 atmospheres. 

With measurements over an interval of 10 atmospheres or more the 
requirements are obviously not so exacting. It appears that the 
combined fractional errors in some of the published measurements at 
high pressures may not exceed about 10“ 4 in several instances. One 
of the uncertainties in the values for a at 1 atmosphere obtained from 
measurements over a large pressure interval appears to be in the 
analytical relations used to represent a over such an interval. In 
several instances linear relations have been used, whereas the data 
clearly indicate that such a relation is inadequate. A constant error 
obviousty introduces an erroneous apparent trend in the values of a. 
Hence, anomalous trends in the values of a may well be viewed with 
suspicion and interpreted as possible evidence of the presence of sys¬ 
tematic errors. In some instances the variation of a with pressure is 
small, for example, a few units in 10“ 8 per atmosphere for helium. 
There appears to be little reason for doubting that the values of a for 
helium at 0° C and low pressures, obtained from measurements over 
a wide pressure interval, are much more reliable than the values ob¬ 
tained from any available measurements over a small pressure inter¬ 
val at low pressures. 

In view of the fact that small errors of the order of 10“ 5 and less 
become significant in some instances, it may be pointed out that the 
method of calculation using ratios automatically eliminates the effect 
of some of the possible systematic errors of this magnitude. For ex¬ 
ample, where p and p 0 are both measured by means of a mercury 
manometer 


p _ phg 

Po PoKg 


(5.8) 


where p is the density of mercury, h is the height of mercury column, 
and g is the average gravitational acceleration at the place where p is 
measured. The absolute value of g is obviously eliminated, and the 
absolute values of density are not needed as long as the density is 
uniform and proper corrections for temperature and pressure are 
applied. Thus the uncertainty in the ratio p/p 0 reduces essentially to 
uncertainties in the measurements of h , except for capillary corrections 
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and other small but sometimes appreciable corrections, such as for 
gas columns. 

is diff ™t, however, when p 0 is measured with a mercury 
manometer and p is measured with a piston gage. In this case ^ 


P mg/A 

Po Pnhg ’ 

where A is the effective area of the piston and m is the effective mass 
ol the piston and weights applied. The absolute value of q is elimi¬ 
nated, but uncertainties in the absolute values of all the other factors 
are involved. Thus an important element is the calibration of the 
piston gage, which is usually done by comparison with a mercury 
manometer; but many of the details of such calibrations are frequently 
not published. The agreement of results from different laboratories 
in several instances supplies indirect evidence that uncertainties in 
such calibrations apparently do not exceed about 1CT 4 . 

Pressures much above 1 atmosphere are frequently determined at 
le .Leiden Laboratory by means of closed-end manometers, which 
are usually filled with hydrogen. In Leiden Comm. 227a (1933) it is 
stated that in order to obtain a precision of 10’ 4 several improvements 
in the calibration and temperature control of the closed-end manom- 
e « els j were necessary. In a footnote, 1.35 mm is given as the radius 
ol the tube containing the mercury meniscus. Uncertainties are 
recognized in the capillary corrections, which are relatively large in 
a tube of this size. There are also uncertainties in the volume of the 
gas beneath a plane tangent to the mercury surface, since the meniscus 
may assume various heights and shapes for a given setting of the 

vertex. 

Illustrations are given later of other uncertainties which, for one 
reason or another, have found their way into some of the published 
values for ol at low pressures. Many of the calculations of pv/poi'o 
and a. have been carried to one place beyond those given in the original 
publications, in order to obtain adequate values of u in equations 
5.1 and 5.2 and to minimize uncertainties in the calculations them¬ 
selves. 

VI. OXYGEN 

While the Reichsanstalt measurements include a number of gases and 
appear to be in reasonably good agreement with measurements ob¬ 
tained in other laboratories, all the analytical relations published as 
representations of the measurements appear to be somewhat erroneous. 
Since the reason for this unfortunate state of affairs is the same for 
all the gases and has not been pointed out previously, the data on 
oxygen are discussed in some detail as an illustration. 

Referring to the data given in any horizontal row in table 1, the meas¬ 
urements were obtained essentially as follows: A pressure (column 1) 
is measured by means of a piston gage; a valve is closed, confining an 
unmeasured mass of gas in a known volume (column 2); another valve 
is opened, permitting the same mass of gas to expand into another 
known volume (column 4); and the pressure (column 3) is measured 
at approximately 1 atmosphere with a mercury manometer. The 
data in column 5, which were calculated from the data in the previous 
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four columns, were used by Holborn and Otto to derive the following 
equation: 2 


2^=1.00130— 1.30143 X 10 _3 p +3.6898 X I0~°p 2 f (6.1) 

where p is in m Hg, and v— 1 when p= 1. This equation, transformed 
to the form used here with 0° C and 1 atmosphere as the reference 
state, becomes 

-^-=1 — 98.451 X 10-/2.-l)+2.13056X10- fi ( V___ j V (G 2 ) 

VoV Q \Po / \Po / 

* Attention is called to the fact, that the values of c in the equations pv = a+bp-\-cp* for oxygen at 0°, 50°, 
and 100° C given in Z. Physik 10, 371 (1922) are in error. Corrected values for c are given in a later summary, 
Z. Physik 33, 0 (1925), which contains the equation quoted here. 
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Equation 6.1 was apparently derived so as to reduce to pv= 1 
when p= 1 m Hg, but the data in column 5 are obviously not on this 
basis. As a matter of fact, each row of data in the first five columns 
applies to a particular mass of gas and the different rows are not on 
a comparable basis. Adding to the data in column 5 the corrections 
in colunm 6 yields the data in column 7, which are all on the same 
basis. The corrections are relatively small, since p 0 observed is not 
far from 760 mm. In other instances, p 0 observed ranged from less 
than 500 mm to over 900 mm, and the corrections are larger. 
Applications of these necessary corrections materially improve the 
general consistency of the Reichsanstalt measurements. 

Holbom and Otto have evidently misinterpreted all their measure¬ 
ments as having 1 m Hg and 0° C, as the reference state, possibly 



oxy 0: en and argon {triangles) at 0 ° C; Reichsanstalt 

data at 25 to 100 atmospheres; Baxter and Starkweather data below 1 atmosphere. 

rpSSt.s d iS a fi? top and rlg 5 t: coordinates of lines 3 and 4 at bottom and left. Line 1 ren- 

L/fne 7represe’nt^eq 2 7a ^o^argon** “ * qUadrat,C fUnCtl0Q ° f p/p " Line 3 “^nts ^-3 for oYygeS. 


because p m m Hg was used for convenience in the equations. Further 
evidence of this misinterpretation is supplied by the values in column 
8 which are given by Otto m the Handbuch der Experimental Phy- 
sik. Apparently these values were obtained from column 5 misin- 
terpreted as on a 1 m Hg basis, and corrected to a 760 mm Hg basis 
Ihe effect of this misinterpretation is shown graphically in figure l' 
The dashed line 1 at the top representing eq 6.2, is obviously a very 
poor representation of the observed points and consequently yields 
an erroneous value of « at 1 atmosphere. 1 y y 

Curve 2 in figure 1 indicates clearly that the observed values of 
a> given in table 1 cannot be represented adequately by a straight 
lme. On the other hand, line 3 indicates that it repres^ntlreasonally 
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well the observed values of a x in table 1. The weighted least-squares 
equation for line 3 is 

J^-= l- (95.13 ±0.94) X 10-V 1^+2.246X10 -6 ^5®—1 

PoVo \v / \v 

The values of a x obtained from measurements below 1 atmosphere 
by Baxter and Starkweather, considered later, have been included 
in figure 1 to indicate that they appear inconsistent with the Reich- 
sanstalt measurements, as might be expected from the previous 
discussion on uncertainties. 

Measurements on oxygen obtained at the Leiden Laboratory are 
quoted in table 2. The values of a x in column 4 are insufficient to 
give an adequate determination of the variation of a x with density, 
which has been assumed in column 5 from eq 6.3. The mean 
value of cx x at 1 atmosphere (column 6) is in good agreement with 
the value obtained from the Reiclisanstalt measurements, eq 6.3. 



Table 2. —Data on oxygen at 0° C and 1 to 55 atmospheres obtained by Van Urk 

and Nijhoff 

[Columns 1, 2, and 3 quoted from Leiden Comm., 169c (1924). H. A. Kuypers and H. K. Onnes, Leiden 
Comm. 165a (1923) give for oxygen at 0° C the Equation pr/pof’o = 1.00095—95.803X10-* (ro/e)4-2.0608X 
10-«(ro/p) 2 expressed in the symbols used here.] 





10*(l— 






\ poi'oj 


— 10 s cri 

p_ 

ro 

pv 

ro 1 

0.2246^ £2-1 ^ 

* ro , 
at—=1 

po 

V 

Polo 

V 

/ 

V 

1 

2 

3 

4 

5 

6 

36.20 

37.38 

0. 9685 

86.6 

8. 1 

94. 7 

38.77 

40. 13 

.9661 

86.7 

8.8 

95. 5 

46. 90 

48.91 

.9590 

85.6 

10.8 

96. 4 

47.15 

49.17 

.9589 

85.4 

10.8 

96. 2 

A/» O 

54.75 

57.45 

.9528 

83.6 

12.7 

96. 3 

— 


1 


Mean. 

95.8 


VII. ARGON 

The Reiclisanstalt measurements on argon are quoted in table 3, 
and values of a x are plotted in figure 1. It is apparent from line 4 
that for argon is very similar to a x for oxygen (line 3). The equa¬ 
tion for line 4, obtained graphically, 3 is 

^L =1 _93.90X10- 5 ^-O+0.235X10- 5 ^- o -iy (7.1) 

p 0 v 0 \ v / / 

which yields 10 5 «= — 93.9 at 0° C and 1 atmosphere. The equation, 
given by Holborn and Otto [4] based on the same data, yields 10 5 « = 
— 98.1 at 1 atmosphere. The difference, about 4 percent, is about the 
same as that previously found for oxygen, and for the same reason. 

3 Least-squares methods were not used in this'case because the corrections to po=760 could not be applied, 
the details of the measurements not being given by Holborn and Schultze. The results (see fig. 1) parallel 
those for oxygen so closely that 10 5 « = — 94±1 at i atmosphere was taken as a reasonable estimate from a 
large-scale plot. 
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Table 3. —Data on argon at 0° C and 1 to 100 atmospheres obtained by Holborn 

and Schultze 

[Columns 1 and 2 quoted from Ann. Physik 47,1089(1915). The details of the measurements, such as quoted 
for oxygen, are not given. It is assumed here that the reference pressures, p o, were {sufficiently close to 
760 mm Hg that corrections would amount to less than 1 in 10 J a,. See notes on the measurements of 

Holborn and Schultze on helium for evidence in support of this assumption.] 


p 

.P’L 

pu'o 


°.235 ('”_]) 

I 

1 

-105 Ql 
r 0 =l 

at 

\ 

2 

3 

4 

5 

mllg 

19. 230 

0.97826 

87. 43 

5. 84 

93. 27 

19. 258 

.97821 

87. 50 

5. 85 

93.35 

37.552 

.95817 

82.72 

11.93 

94. 65 

37.940 

.95809 

82. 01 

12. 03 

94. 04 

55. 521 

.94192 

76. 00 

17.96 

93. 96 

55.611 

.94173 

75. 97 

18.02 

93.99 

74. 395 

.92746 

69. 39 

24.57 

94.01 

74. 408 

. 92746 

69. 38 

24. 58 

93. 95 




Mean __ 

93. 90 


Measurements obtained on argon at the Leiden Laboratory are 
quoted in the first part of table 4. The values of 10 5 a u ranging 
from — 72 to —75, were not plotted in figure 1 because they are 
grossly inconsistent with the Reichsanstalt data, as pointed out by 
Holborn and Schultze. A plausible clue to the reason for the large 
discrepancy is given by Wild [1] in a footnote, quoted as follows: 
“Professor Masson, of the University of Durham, informs me that 
Chines’ data on argon are in error, due to ‘side trapping’ of a small 
amount of gas in one limb of the piezometer, after measurement of 
its volume at one atmosphere.” 

By choosing one of the high-pressure measurements as the reference 
state and eliminating v 0 at 1 atmosphere, it may readily be shown 
that the data at 1 atmosphere are not consistent with the data at 
the higher pressures. The value of v 0 obtained by this process is 
greater by the factor 1.0035. The calculations made on this basis 
in the second part of table 4 lead to a value of 10 5 a =—93 at 1 
atmosphere, which is in fair agreement with that obtained from the 
Reichsanstalt measurements. 

Attention is called to the fact that Onnes and Crommelin reported 
data for argon on 16 different isotherms, which are quoted in Inter¬ 
national Critical Tables, volume 3, page 4. All the data are based 
upon what appears to be an erroneous value for v 0 . 
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Table 4.— Data on argon at 0 ° C and. 1 to 62 atmospheres obtained by Onnes and 

Crommelin 

Columns 1,2, and 3 quoted from Leiden Comm. 118b (1910) 


pv 

Polo 


10i 


\ Pot '0 / 




0.235 


(5-0 


-103 ori 

at——1 
v 


20. 57G 
26. 070 
31. 572 
36. 743 
49. 871 
62. 230 


20. 877 
26. 581 
32. 302 
37. 782 
51. 840 
65. 325 


0. 98560 
.98077 
. 97740 
.97250 
.96201 
.95261 


72.4 

75.2 

72.2 
74.8 

74.7 

73.7 


(REFERENCE^ VOLUME, Vo, INCREASED BY THE FACTOR 1.0035) 


20. 576 
26. 070 
31.572 
36. 743 
49. 871 
62. 230 


20. 950 
26. 674 
32.415 
37.914 
52. 021 
65. 554 


0. 98215 
.97736 
.97399 
.96911 
.95867 
.94929 


89.5 
88.2 
82.8 
83. 7 
81.0 

78.6 



94.2 
94.2 
90. 2 
92.4 
93.0 
93.8 

93.0 


VIII. HYDROGEN 

In the measurements at the Reichsanstalt and also the Leiden 
.Laboratory, large corrections are required, since large portions of the 
gas were at about room temperature instead of the particular isotherm 
under investigation. In the measurements at the Van der Waals 
Laboratory of the University of Amsterdam by Michels and collab¬ 
orators, there are no such corrections, since all the gas was at the 
same temperature, confined over mercury in a glass piezometer 
shaped somewhat like a McLeod gage, with a large lower bulb for 
determinations of v 0 at 1 atmosphere and a series of small upper bulbs 
with electric contacts sealed into the capillaries between the small 
bulbs. With the same pressure inside and outside the glass pie¬ 
zometer, the measurements were earned to much higher pressures. 
The precision of the measurements is much higher than in any other 
measurements available. The measurements obtained on hydrogen 
are quoted in table 5. With only six measurements of pv/p 0 v 0 , these 
were represented by a power series with five coefficients, only the 
first three coefficients being given in the publication cited, which yield 
10 5 a = 61.16 at 0° C and 1 atmosphere. The reliability of this value 
is difficult to estimate under the circumstances. 

Considerable effort has been devoted here to finding simple, yet 
adequate, interpolation equations in order that the advantages of 
least-squares methods may be fully utilized without undue labor, and 
as an aid in obtaining impersonal estimates of uncertainties in a at 
low pressures. Many people, including the author, rebel at using 
least-squares methods when more than about two unknown coefficients 
are involved, and especially when the number of observations 
approaches the number of unknown coefficients. 
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As an illustration of the characteristics of the four different as 
defined by eq 4.1 to 4.4, calculated values over a wide interval are 
given in table 5 and are plotted as open circles in figure 2, the num¬ 
bers 1 to 4 on the curves corresponding to a lf a 2 , a 8 and a 4 respectively. 
For curves 1 and 2, the abscissas are v 0 /v, and for curves 3 and 4, 
the abscissas are p/p 0 - Obviously, curves 1, 3, and 5 cannot be 
represented adequately by a linear equation; even a quadratic equa- 



Figure 2. —Data on hydrogen at 0° C. 

Nijhofffand ^Gerber*(ope^cUxtesr.'' a '' Bnd respectively - calcu,ated in ‘®ble 5 from data of Michels, 

The abscissas for curves 1 and 2 are po/p; for curves 3 and 4 the abscissas are p/po. The data of Holborn are 
represented by crosses; data of Wiebe and Gaddy are represented by closed circles. 


lion is insufficient. Curve 2 is apparently linear within the precision 
of the data and the equal weight, least-squares equation is 

ioMn S =(6i - 869±o - o7 K?~0 +o - o5i75 (?~ 1 ) 2 ' (8 - i} 

On a large-scale drawing, using a straightedge for curve 2 and a 
celluloid spline, held in place by lead weights for drawing curves 1 3 

and ? 1 ’i lt \ l was apparent that all four curves tended to approach 
smoothly the same value of a at 1 atmosphere to about three significant 
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Table 5.—Data on hydrogen at 0° C and 1 to 700 atmospheres obtained by Michels 

Nijhoff, and Gerber 


Columns 1 and 2 quoted from Ann. physik 12, 562 (1932). Values in other columns 

these experimental values. 


were computed from 


i 

Po 

( 1 ) 

Vo 

V 

( 2 ) 

PV 

Poi'o 

(3) 

10 >( pv A 

10 ® Id —- 

PoVo 

lnJ / PV 

in ,, pv 

\Poi'o V 

\ PoVo 1 ) 

10 s In -— 
PoVo 

10 s at 

v i-' 

10 ® 02 

l 1 

Po 

10 ® 02 

s- 

10 5 Of 4 

75. 795 
164. 193 
268. 99 

442. 27 

556. 89 

701. 34 

72. 334 
148. 221 
227. 641 
338. 39 

400. 47 

468. 89 

1.04785 

1. 10776 

1. 18164 

1. 30698 

1. 39059 

1. 49575 

67. 08 

73. 196 

80. 144 

90. 987 

97. 777 

105. 954 

65.51 

69. 515 

73. 642 

79. 350 

82. 541 

86 . 052 

63. 97 

66 . 032 

67. 779 

69. 569 

70. 264 

70. 787 

- 1 

62. 48 

62. 711 

62. 278 

60. 670 

59.315 
57.490 


Iu figure 2 the coordinates of the points on the four curves are as follows - 
3 and 4 1 and 2 l o 


The measurements ot other observers on hydrogen are not given in 
detail here in order to conserve space. For purposes of comparison, 
\ allies for a 2 from two other laboratories are also shown in figure 2. 
Alean values at about 25, 50, 75, and 100 atmospheres obtained from 
11 measurements reported by Holborn [5], when corrected, as previ¬ 
ously indicated for oxygen and when the slope of line 2, figure 2, is 
assumed to be that given by the last coefficient in eq 8.1, lead to an 
equal weight, mean value of 10 5 a = 61.6±0.3 at 1 atmosphere, while 
the equation given bv Holborn gives 10 5 <*=62.4. The four measure¬ 
ments reported by Wiebe and Gaddy[6] at 25, 50, 100, and 200 atmos¬ 
pheres, yield an equal weight, mean value of 10 5 a=62.0±0.3 at 1 
atmosphere, when the slope of line 2, figure 2, is assumed as stated 
above. 

The agreement of three values at 1 atmosphere for 10 5 a, namely 
61.87 ±0.07, 61.6±0.3, and 62.0±0.3, obtained from measurements 
in three different laboratories is very gratifying and very significant, 
if it is interpreted as evidence that systematic errors in measurements 
made in these laboratories were small. The foregoing values are 
consistent with the extensive measurements on hydrogen at 20° C 
made at the Leiden Laboratory with a multiple-column, open-end, 
mercury manometer by Schalkwijk [7], when a 2 is calculated and com¬ 
pared with the measurements indicated by line 2, figure 2. The 
measurements reported by Nijhoff and Keesom [8] at 0° C, made with 
a closed-end mercury manometer, are less precise and lead to a value 
for a at 1 atmosphere, which is lower than those given above by a few 
percent. 

IX. NITROGEN 


Measurements on nitrogen obtained at the Van der Waals Labora¬ 
tory of the University of Amsterdam are quoted in table 6. Michels, 
Wouters, and De Boer state that ‘'series evaluation * * * carried 

out according to the method of mean squares” yielded the following 
equations: 

10 5 -^- = 100045 —46.020—+0.30048^ BY— 1.35X10-7—Y (9.1) 
PoVo Po \PoJ \Pof 

10 5 -^ =100045 — 45.860^+0.30643^Y— 1.84X10"Y-Y, (9.2) 

PoVo V \v / \v / ’ v ' 
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which were obtained from their paper but are expressed in the symbols 
used here. 

In order to test the effect on a at 1 atmosphere when a different form 
of equation was used and also to obtain an estimate of uncertainty, 
the following least-squares equation 


10 5 ln-^-= (—45.3166 ±0.308)("— — l)+0.29868^^— 1Y (9.3) 

P qVq \ V / \V / 

was obtained from the same data, weighting each observation propor¬ 
tionally to [ (v 0 /v) — 1 ]. As a check, the calculations were repeated, 
giving each observation equal weight, which yielded 


10 5 ln^-=(—45.3236±0.352)^—1^+0.298850— l) . (9.4) 


Table 6 . —Data on nitrogen at 0° C and 1 to 52 atmospheres obtained by Michels, 

Wouters , and De Boer 


Columns 1, 2, 3, 4, and 5 quoted from Physica 1, 587 (1934) 


r_ 

Po 

Po 

V 

pv 

Polo 

10 s (observed-calculated) 

Equation 
9. 1 

Equation 

9.2 

Equation 

9.3 

Equation 

9. 4 

i 

2 

3 

4 

5 

6 

7 

19.0215 

19. 1000 

0. 99274 

-4 

-5 

-4 

-4 

23.7629 

23. 9734 

.99122 

1 

1 

1 

2 

28. 4908 

28. 7894 

. 98983 

6 

6 

6 

7 

33. 1101 

33. 4951 

.98851 

1 

1 

1 

2 

37. 9520 

38. 4409 

.98730 

-1 

-1 

0 

0 

42. 7435 

43. 3413 

.98021 

-0 

-0 

-5 

-5 

47. 4370 

48. 1401 

. 98.541 

4 

3 

3 

3 

52. 2100 

53. 0328 

.98400 

0 

0 

-3 

-3 


A comparison of the four equations is given in table 6, where the 
deviations of eq 9.1 and 9.2 have been copied from table 2 of the paper 
by Michels, Wouters, and De Boer. There is obviously very little 
difference between the various equations as far as representing the 
measurements is concerned, but there is considerable difference in the 
labor required to obtain four unknown coefficients in eq 9.1 and 9.2 
and only two coefficients in 9.3 and 9.4 which were calculated with 
the equation in the linear form 


a 2 = A+Bx or 



(9.5) 


Furthermore, calculation of the uncertainty in a at 1 atmosphere 
from equations such as 9.1 and 9.2 is complicated, while such a calcu- 


31 r,285— 41 


4 
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lation is simple with eq 9.5. 
for a at 1 atmosphere 


Differentiation of each equation gives 


--- 

j 1 (Ber 

Equation 

45. 42 

9.1 

45. 25 

9. 2 

45. 32±0.31 < 

9.3 

45. 32±0.35 < 

9.4 


Michels, W outers, and De Boer give some discussion of uncertain- 

.SrS* total » f piezometer 

thfeas a T (V° b r L;i ^q r’o Wl V ch n \ eans that the actual volumes of 
30 erf 1 ° ° d 19 t0 52 atmos P heres were between about 75 to 

Arnster&m f [° m Reiclisanstalt and the University of 

nitroSj? r a "£ Wouters , t 9 J report measurements on 

h T r K f ated o° be , about 98 cm3 and the volumes at 

Iiigh pressuie to be between 2 and 0.43 cm 3 . With nine different 

° f pv IP° v . a ’ the . se authors represent their results at 0° C 

equations similar in form to eq 9.1 and 9.2 but with 

of oiv™ ffi 3 ? ffi e i ents for sixth- and eighth-power terms, making a total 

of six coefficients The authors do not state that the method of least 

squares was used in obtaining their equations, which, upon differen- 

latmn yield two values for -10* a at 1 atmosphere, namely, 45.31 

and 44.70 corresponding to equations similar to eq 9.1 and 9.2, 
respectively. 1 ' 

Uncertainties in these two values are difficult to estimate under 
the circumstances, but it seems safe to infer from the evidence avail¬ 
able that the true uncertainty in any value of a. at 1 atmosphere, 
obtained from the same measurements by any accurate method of 
calculation, would exceed the true uncertainty in the value of a ob¬ 
tained from the measurements quoted in table 6. In other words, 
the values of a at 1 atmosphere obtained from the two investigations 
may be said to be in agreement, oi at least not in conflict, within 
reasonable estimates of uncertainties. Apparently the same state¬ 
ment might be applied to the values of a for nitrogen at 0° C and 1 
atmosphere obtained from many other investigations, some of which 
are listed by Otto, Michels, and Wouters [9], while Keesom and Tuyn 
[10] 5 list from 15 different sources values of —10 5 a, which range from 
37.2 (credited to Amagat) to 54.1 (credited to Bartlett). 

No attempt can be made here to give an adequate discussion of 
calculations of the slopes of isotherms other than 0° C, but it may be 
of interest to outline briefly a possible procedure in examining the 
reliability of data available on nitrogen at 100° C. Suppose an equa¬ 
tion similar to eq 9.4, but written in the more general form 

In *»=A+B« + (/Sy + 

_ VoV 0 v \v) ^ 

ation of -J-w. as used here 


(9.6) 


^ use( * here - Headers accustomed to thinking in terms of least- 
squares probable error should mentally divide =tu by 3. 

6 This reference may be consulted for an extensive bibliography of p,v,T data on Fie, Ha, and N>. 
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is assumed for the 100° C. isotherm, and that the coefficients A, B , 
and C are determined by least-squares methods, using the data given 
by Michels, Wouters, and De Boer, which include eight values 6 of 
pv/poVo at 100° C. for the same values of v 0 /v quoted in table 6. Sub¬ 
tracting two such equations, one for 100° C. and one for 0° C., already 
obtained, yields 

hi ^|^ = ( .4 1 „„-A ) + ( S 1 ° 0 -So ) ^ + ( C' i o o -C t o ) (^) 2 + .... (9.7) 

It so happens that for nitrogen, C \ 00 is very nearly equal to C 0 , so that 
at constant volume In piooo/poo is very nearly linear in v 0 /v over the 
range covered. Visual evidence of this is given in figure 3, where a 
linear scale of logarithms is used for the ordinates. The three points 
near the ordinate axis were obtained from the constant-volume gas- 
thermometer measurements of Beattie [11]. While measurements are 
reported at five different pressures, two intermediate points are not 
shown, for clarity. The other eight points were obtained from the 
essentially constant-volume gas-thermometer measurements of 
Michels, Wouters, and De Boer, and the line was drawn with a straight¬ 
edge. The data from the two investigations appear to be mutually 
consistent to a few parts in 10 5 , and consistent with an intersection 
with the ordinate axis between 1.3660 and 1.3661 on a large-scale 
plot. 

It may be noted that 

i (pv) 100* . ^ 100 . A A __ Vo . A 

In —r— — In — fr~ — ^lioo Aq as — — 0 
(pv) 0 ® J o v 

and 

_ 100 

-* 0 rp > 

1 100 1 

To 

by definition; hence 

T _ 100 a 
0 e (A m~ A o ) —1 


Thus a value for T 0 , the ice point on the thermodynamic scale, may be 
obtained from the measurements of Michels, Wouters, and DeBoer, 
but the calculated uncertainty in T 0 would obviously turn out to be 
relatively large. 

A value of T 0 has been calculated by Beattie [11] based entirely on 
his measurements with nitrogen. He has also calculated values of T 0 , 
using in principle three different values for the rate of change of 
Pioo°/Po° obtained by various roundabout processes from measurements 
of Joule-Thomson coefficients, or of pvlp 0 Vo at higher pressures, which 
make the calculation of uncertainties very complicated. A more 
direct method of calculation of T 0 from the data on nitrogen appears 


• In obtaining the values of pr/poro at J00° C., corrections were applied by Michels, Wouters, and Do Boer 
for changes in volume of the glass piezometer with temperature and pres.>ure, and for the fact that the tem¬ 
perature actually observed was 99.720° C. instead of 100° C. No mention is made of a correction for the 
vapor pressure of mercury , which is known to be about 0.0C04 atmosphere at 100° C. The effect of such a cor¬ 
rection if not already applied, would be to lower slightly the points shown in figure 3, a perceptible amount 
at Po/f"19 on a large-scale plot, and barely perceptibly at r*/t>=52. 



516 Journal of Research of the National Bureau of Standards [ Voi. a 


to be to combine the two sets of data shown in figure 3 usimr the 
observed ratios p im fp 0 °. This may be done in sever!] different lavs 
One method is to use an adequate form of equation, preferably S 

weights to each observation. This method gives the ffiih messure 
se^mstoTead^es^!? f, he f a PP ear entitled. Another method, which 

becau se it is simpler, is to combine the data at low and high 

p/p l0r *i lle 1 l ate °j cbauge of p y0 Q°IPo° with either 

ppp a or v 0 /v and to use this value to reduce each individual observed 

iatio p l0( p/p Q * near the ordinate axis and thus obtained a weighted 

mean value for 7W/Po°= T 100 /T 0 . In spite of the apparent advantages 



Figure 3. —Data on the ratio of pressures at 100° and 0° C, obtained with nitrogen 
at constant volume by Beattie below 2 atmospheres , and by Michels , Wouters and 
De Boer at 19 to 52 atmospheres. ’ 


of these two methods of calculation, neither of them has ever been used 
to calculate T 0 or the uncertainty in T 0 . 

In this connection, it may be noted that the rate of change of 
Pioo°/Po° at low pressures may be calculated from the measurements 
of Beattm alone or it may be calculated by using only the measure¬ 
ments of Michels, Wouter, and De Boer and a method similar to the 
one outlined above. When consideration is given to the possible effects 
ot constant or systematic errors in each investigation, it seems probable 
tnat a combination of both sets of data should yield a more reliable 
value for the rate of change of P\oo 0 lp Q 0 , which is larger and hence of 
more importance for nitrogen than for some of the other thermometric 
gases. The result of such a combination leads to a relative value for 
tfie slopes at low pressures of the pv isotherms at 0 and 100 °C or for 
practice purposes a value for B 100 - B 0 in eq 9.7 or similar equations, 
and the uncertainty m the value for this difference may be calculated. 
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It is emphasized that this procedure seems preferable to the one usually 
followed, namely to obtain values for 2?ioo and Bo from the data on each 
isotherm separately, and then to obtain the difference. A value for 
B 100 _ Bo may be calculated from measurements of the Joule-Thomson 
coefficient and the specific heat at constant pressure, but calculations 
of uncertainties are very complex, in fact impossible, since most of the 
primary Joule-Thomson data are reported in graphical form only. 
Apparently there are no Joule-Thomson measurements below 1 at¬ 
mosphere pressure. Short extrapolations of pv data at constant vol¬ 
ume or constant pressue appear to introduce no greater uncertainties 
in calculations of T 0 than the necessary extrapolations of Joule-Thom¬ 
son data in order to apply them to gas-thermometer data at pressures 

below 1 atmosphere. 

Another method of calculation, namely, a method of successive 
approximations, which may be used to advantage in the special 
case 7 when the data are given at constant volume or density, is to use 
eq 9.6 or 9.7 or an equivalent equation in the form 

ln {p^° =ln ^ +(5 ' _5o) ^ +(<:7 ' _c,o) (^) 2+ ■ ■ ■ ■* (9-8 ^ 

where v t =vO° and v 0 is the reference volume at 0° C and 1 atmosphere. 
A value for T 0 may be assumed and any error in t° C, observed or 
reported, may bo neglected for the first approximation, yielding a 
value for T/T 0 =l+t/T 0 . Values for (Br=B 0 ) and ( Ct=C 0 ) may be 
obtained from data on p,/p 0 ° at the higher pressures by graphical or 
least-squares methods, and these values used to correct low-pressure 
constant-volume gas-thermometer measurements to obtain a better 
value for T/T 0 -, and the process may be repeated, if necessary. The 
calculations may be made conveniently with eq 9.8 in the form 

y=-ln^- o Q=(B-B 0 ) + (C t -C 0 ) 7 £+ . . ., (9.9) 

v 0 p0 7 v 

since calculated values of y usually do not vary much over a moderate 
range of Vo/v. Values of y may be plotted on a sufficiently open scale 
to determine how many terms to use or to inspect the data for evidence 
of anomalous trends. Such trends may be caused by systematic 

7 In the more general case, when the values of pv/povo at 0® C and on the isotherm, T, are not given at 
constant volume or density and gas-thermometer data at low pressures are lacking, the following procedure 
may be used for a first approximation. In addition to assuming a value for T/To, a value at 0° C and to/p=0 
may be assumed for pv/povo** RTolpovo, designated by 1+X in International Critical Tables, vol. 3. Each 
individual value for pv/povo on any isotherm, T, may then be converted to 

pv poco To pv 
povo RTo T RT 

Equation 9.6 may then be written in the form 

,n jiT- B r +c w) + • ■ • 

or better still in the form 

V VP Vo 

oo=—In-j -pp*" B+ C~ + • • • • 
vo R1 v 


Thus values for ao may be plotted against vo/v and approximate values for B and C may be obtained easily. 
A method similar to this has been applied to data on COj over a wide range of pressures and in the critical 
region by the Demings, Pftg*. Rtv. 56, 108 (1939). 
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errors in the assumed values for T 0 and t° C or elsewhere 8 in the 
measurements of pv/p 0 v 0 . 

In applying this method of calculation to the particular case of the 
eight pairs of values of pv/p 0 v 0 given by Michels, Wouters, and De 
r>oer, each pair of values are at constant volume, giving one value 
for pioo°/po°' used in plotting figure 3. It may be noted that by assum¬ 
ing Y 0 =273.16 ±0.02 and neglecting any error in the reported values 
for t = 0 C and /=100 °C, gives T 1 JT 0 = 1.36609 ±0.00003 as apoint 
on the ordinate axis of figure 3, which may be used in the calculations to 
replace, in effect, the low-density gas-thermometer measurements of 
-Beattie or of other observers. The true uncertainty in this value is 
probably less than the true uncertainty in any of the values of p lo Jpo° 
at higher densities. If the curve or the equation for the curve is not 

fmm J . l • « _ • a ^ as in least-squares calculations, using 

eq 9.7 and the eight higher points above, small errors, especially in 
the lower one or two points, may be so magnified as to lead to an 
intersection with the ordinate axis at 1.3663, which is far outside the 
limits of uncertainty assumed above, and the value for the slope of 
the curve at low densities, essentially B XWi —7? 0 , is likewise more uncer¬ 
tain than when the equation for the curve is restricted at v Q lv=0. 

A reliable value for the ratio T/T 0 is the goal sought in most 
1 j!l asureme ^J' s with a constant-volume gas thermometer. Several 
f }g erent tables of corrections to be applied to measurements made at 
different temperatures with nitrogen or other gases with different ice- 
point pressures have been published. Values for such corrections are 
obviously a great convenience in gas-thermometer calculations, but 
the reliability of some of the published values may be questioned, 
since many of the corrections depend upon values for Z? 100 — B 0 and 
.t~Bo calculated from data on pv/p 0 v 0 at high pressures on each 
isotherm separately, without restriction at low pressures in some 
instances, with T 0 = 273.09 or T 0 = 273.20 in other instances, and with 
many other uncertainties involved, some of which are mentioned in 
other sections of this paper. 


X. HELIUM 


Measurements on helium at 0 °C and up to 1,000 atmospheres 
obtained by Wiebe, Gaddy, and Heins are quoted in table 7. These 
authors reported the following least-squares equation: 


-2^-=l.00059+ 52.17X10 -5 — — 3.876 XIO -8 ^—') 2 . 
Pov o Po \Po/ 


( 10 . 1 ) 


This equation is an illustration of many to be found in the literature 
that fail to represent the reference state of the gas, which should be 
taken as exact for purposes of calculation. It was mentioned pre¬ 
viously, and is emphasized again, that the measurement of the vol¬ 
ume, of the gas at 0 °C and 1 atmosphere takes the place of a 
measurement of the mass of the gas, so that vjv is, in a sense, a den¬ 
sity, sometimes called Amagat density. Obviously, eq 10.1 and the 

8 The data at 0° and 100° C given by Michels, Wouters, and De Boer, when treated as outlined, show an 
anomalous trend which appears to be too large to be caused by the vapor pressure of mercury at 100° C or 
by reasonable errors in the temperatures reported or in 7o=273.]6. The value used for the coefficient of 
expansion of glass may bo in error, or the cause may be a peculiar combination of errors in pjooo and poo at the 
lower densities, such as one measured after a compression and the other one measured after an expansion of 
the gas Errors in the calibration of the piston gage are evidently not involved, since the ratio pl00°/p0° 
reduces to a ratio of weights applied. 
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observed values of pv/pqVq quoted in table 7 apply to a constant mass 
of gas at a constant temperature, but in the least-squares solution 
to obtain eq 10.1 the mass of gas was obviously not restricted to 

constancy. # . . 

As an illustration of the effect on the coefficients and the deviations 

when this restriction is imposed and the same general form of equa¬ 
tion is assumed, the equation 

HL= l _|_ (53.033 ±0.58) X lO" 6 ^ —1^—4.802 X loV^- — l) (10.2) 

PqVq \Po / Wo / 

was obtained from the same data by least squares, giving equal weight 
to each observation. It may be noted from table 7 that the devia¬ 
tions from this equation are systematic, which suggests that another 
term is desirable. In fact, when the four different a’s, eq 4.1 to 4.4, 
are computed from the measurements quoted in table 7 and plotted, 
a graph is obtained which is so similar to figure 2 in all respects, except 
for scale, that it is not reproduced here. For helium, as for hydro¬ 
gen, a 2 appears to be linear in v 0 /v over a wide range within the pre¬ 
cision of the measurements. A least-squares equation for a 2 written as 

In -g- = (53.212 ±0.44) X10“^-1)+8.000X 10“ 8 ^-1J (10.3) 

was obtained from the same measurements, weighting each observation 
proportional to [(v Q /v) — 1). It may be noted from table 7 that eq 10.3 
is somewhat better than eq 10.1 or 10.2, according to the ‘‘Gauss ’ f 
criterion sometimes used to express relative “closeness of fit” of differ¬ 
ent equations with a different number of coefficients. The random 
deviations from eq 10.3 suggest that no improvement may be ex¬ 
pected from the use of additional terms. A graph, similar to figure 
2, suggests that more terms must be used to represent a ly <x 3 , or a 4 
adequately. 

Table 7. — Data on helium at 0 ° C and 1 to 1,000 atmospheres obtained by Wiebe, 

Gaddy, and Heins 


p 

DO 

PP 

Pofo 

(*) 

■22 .calculated from equation— 
pofo 

A = (obs. —calc.) 10 5 

ft 

eq 10.1 

10.2 

10.3 

eq 10.1 

eq 10.2 

eq 10.3 

1 

1.0000 

1.00101 

1.00000 

1.00000 

+101 

0 

0 

100 

1.0523 

1.05237 

1.05203 

1.05205 

-7 

+27 

+25 

200 

1.1030 

1.10338 

1.10363 

1.10359 

+22 

-3 

+ 1 

400 

1.2026 

1.20347 

1. 20395 

1. 20352 

-87 

-135 

-92 

600 

1.3003 

1.29967 

1.30043 

1. 29948 

+63 

-13 

+82 

800 

1.3924 

1.39315 

1.39308 

1. 39307 

-75 

-68 

-67 

1,000 

1. 4838 

1.48353 

1.48187 

1.48336 

+27 

+ 193 

+44 





(S3)‘-~ 

my . 

±85 1 

±123 

±75 

- - — 


• Quoted from J. Am. Chem. Soc. S3, 1721 (1931). 


Measurements on helium at 0° C and up to 100 atmospheres 
obtained at the Reichsanstalt are quoted in table 8 and corrected, as 
previously explained in the section on oxygen. The data are insuffi- 
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cient to give an adequate value for the rate of change of <* 3 with pres¬ 
sure, which has been assumed from eq 10.2 in obtaining the values of 
a at 1 atmosphere shown in the last column. The mean values of 
10 a, 52.5 and 53.0, are in good agreement with the corresponding 
values, 53.0 and 53.2, obtained in eq 10.2 and 10.3 from the measure¬ 
ments of Wiebe, Gaddy, and Heins. 

Burnett [12] reported the results obtained in two concordant series 
of measurements with helium at 0° C, using two essentially identical 
metal containers, each with double walls, so that the pressures within 
and without the inner containers could be equalized. One container 
was evacuated and the other was filled with specially purified helium 
to a pressure of about 120 atmospheres. Opening an intercommuni¬ 
cating valve permitted equalization of pressure in the two inner con¬ 
tainers. The valve was closed, one container was evacuated, and the 
process was repeated until the pressure was reduced to about 1 
atmosphere after a series of six expansions. The unique feature 
claimed for the method is that the volumes of the two containers need 
not be measured and the two containers need not be exactly equal in 
volume. The calculations of the results, which appear to be straight¬ 
forward, are too complex to reproduce here. Burnett gives an equa¬ 
tion obtained by a “weighted least-squares method” which appears 
to amount to the following, in the symbols used here 

^-1+82.430X10-^. (.04) 

This result, obtained with a radically different experimental procedure, 
appears to be in reasonably good agreement with the measurements 
of the Reichsanstalt and of Wiebe, Gaddy, and Heins. 


Table 8. —Data on helium at 0° C and 1 to 100 atmospheres obtained at the 

Physikalisch- Technische Reichsanstalt 


V 

V 

po 

ro 

Observed 

pv_ 

polo 

Correction 
to po=7GO 

Corrected 

pv 

poro 

- (So- ) 

£--1 

Po 

| 10 s a* 
at p=po 

Holborn and Schultze h , Ann. Physik 47, 1089 (1915) 

mmHp 

19, 229 

19. 276 

37, 794 

38. 328 

ml 

110. 797 
110. 796 

110. 789 
110. 790 

m m II e 
779.54 
781. 69 
789. 02 
800. 95 

ml 

2698. 51 
2697. 70 
5175. 17 
5168. 76 

1.01279 

1.01278 

1.02543 

1. 02572 

1 

1 

2 

3 

1.01280 

1.01279 

1. 02.545 

1. 02575 

52.7 

52. 5 
52.2 
52. 1 

Mean.. 

52.8 

52.6 

52.4 
52.3 

52.5 

Holborn and Otto, Z. Physik 10, 367 (1922) 

55, 873 

56. 304 

72, 991 

74, 497 

106.016 
106.016 
106. 007 
106.007 

681. 74 
685.91 
675. 66 
689. 95 

8367.9 
8379.2 
10907. 8 
10888. 7 

I 

1. 03833 
1.03858 

1. 04988 
1.01523 

-5 

-5 

-6 

-5 

1. 03828 

1. 03853 

1. 04982 
1.05118 

52. 8 

52. 7 
52.4 

52. 7 

Mean... 

53. 1 
53.0 
52.9 
53.2 

53.0 


• Obtained from the data in the previous column and an estimated rate of chanpe of <*3 with pressure, 
4.8X10-*, obtained from data of Wiebe, Gaddy, and Heins (see eq 10.2). 

b The data on p and pv/pm&re quoted from Ann Physik 47, 1089 (1915), the data on r, po and ro are quoted 
from Z Physik 10,367 (1922) for the same values of p and pv/pot o, which appears to establish that these details 
were omitted in the paper by Holborn and Schultze. 
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The more recent measurements on helium at 0° C and up to 12 
atmospheres obtained at the Leiden Laboratory are quoted in table 9. 
In spite of the special efforts to avoid errors, described in Leiden 
Comm 227a and 227b, it is evident that the results are seriously 
affected by systematic errors, and are not in as good accord with more 
precise measurements made in other laboratories as might be expected 
from the description and calculations given. Kecsom and Van 
San ten represented the measurements quoted in table 9 by a weighted 
least-squares equation, which in the symbols used here, is 

= 1 + 50.2 8 X 10 " 5 ^ - 1 
PoVo \v 

and the coefficient in this equation is stated to be accepted as “defini¬ 
tive” in connection with the present low-temperature scale used at the 
Leiden Laboratory. As mentioned previously, pressures were meas¬ 
ured with a closed-end manometer, apparently filled with hydrogen. 
The so-called “normal volume,” represented by v 0 here, is stated to be 
548.8G1 cm 3 at 0° C, although actually measured “for practical 
reasons” at 18° C and corrected to 0° C. It is stated that a glass 
piezometer of 40-cm 3 capacity was immersed in an ice bath. A 
perusal of earlier communications, to which references are made, 
indicates that the 40-cm 3 piezometer when in the ice bath was probably 
connected by means of a flexible metal capillary to the top of a vertical 
glass tube (called the “stem of the piezometer” and stated to be 
10.74 mm in diameter) maintained at 20° C in a stirred 'water bath. 
With mercury between the “stem” and the closed-end manometer, 
the helium in the piezometer and “stem” and the hydrogen in the 
closed end of the manometer were compressed to different pressures 
by means of auxiliary apparatus. At G atmospheres, more than half 
of the helium must have been at 20° C instead of 0° C. The exact 
manner of making the necessarily large correction does not appear to 
be given specifically in any of the communications examined, although 
similar measurements were made at 20° C, apparently for use in 
making such corrections. Uncertainties in the volume of the gas 
beneath a plane tangent to the mercury meniscus in the (10.74-mm 
diameter) “stem” were recognized, and mention is made of X-ray 
shadowgraphs taken of this meniscus. 
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Table 9. —Data 1 on helium at 0° C and 1 to 12 atmospheres obtained by Keesom and 

Van Santen 


p_ 

£0 



Mean 

po 

P 

POFo 


10* «i 

6. 01487 

6.00120 

1.00228 

45.6 

] 

6.02039 

6. 00632 

1. 00234 

46.7 

> 46.0 

6. 05938 

6. 04541 

1.00231 

45.8 

6. 75635 

6. 73732 

1.00282 

49.2 

1 

6. 76536 

6. 74596 

1.00288 

50.1 

> 49.3 

6. 76787 

6. 74906 

1,00279 

48.5 

7. 70765 

7. 67917 

1.00359 

53.8 

) 

7. 71382 

7. 68803 

1. 00335 

50.1 

> 52.7 

7. 69834 

7. 67063 

1.00361 

54.1 

1 

9. 94029 

8. 90267 

1.00423 

53.5 

) 

9. 95584 

8. 92043 

1.00397 

50.1 

} 51.5 

9. 98098 

8. 94453 

1.00405 

51.0 

1 

| 

10. 63712 

10. 58771 

1.00467 

48.7 

) 

10. 64405 

10. 59301 

1. 00482 

50.2 

> 50.3 

10. 65493 

10. 60214 

1.00498 

51.9 

1 

11.48274 

11. 42075 

1.00543 

52.1 

) 

11.48867 

11.42802 

1.00531 

50.9 

> 51.0 

11.50026 

11.44048 

1.00523 

50.1 

I 

12.38806 

12. 32015 

1.00551 

48.7 


12. 43204 

12. 36263 

1. 00561 

49.4 

49. 1 

12. 45699 

12. 38790 

1. 00558 

49.1 

12. 46478 

1 

12. 39543 

1.00559 

49.0 J 

Mean.. 

50.0 ±1.7 


' Values in the first 3 columns are quoted from Leiden Comm. 227b (1933), regrouped according to values 
of p/po. 


XI. NEON 

Figure 4 illustrates an anomalous trend in a 2 obtained from measure¬ 
ments on neon reported by Michels and Gibson [13]. These measure¬ 
ments are among the earlier ones obtained in the Van der WaaJs 
laboratory by the method outlined in the section on hydrogen. The 
authors state their estimate of accuracy to be about 2 in 10 4 , and the 
radii of the open circles have been chosen to indicate this uncertainty. 

The Reichsanstalt measurements [14] on neon, designated by small 
black circles in figure 4, indicate the same normal trend in a 2 found 
for all the other gases considered. These measurements were cor¬ 
rected, as indicated previously in the section on oxygen. Glass 
containers were used in all of the Reichsanstalt measurements on 
gases previously discussed, with the same pressure inside and outside 
the glass, and small corrections were obviously applied for compression 
of the glass. In the measurements on neon, two different metal 
containers of the same diameter and wall thickness, but of different 
lengths, were used; and no corrections were made for the stretch of 
the containers with pressures up to 100 atmospheres inside and 
atmospheric pressure outside the containers. The metal containers 
were also used with nitrogen at temperatures up to 400° C, and 
measurements [15] were made at 0° C and also 100° C with the same pres¬ 
sure inside and outside the container, and also with atmospheric 
pressure outside. Apparently, the observed differences in volume were 
considered negligible for their purposes. The observed changes in 
volume are consistent with the value of 4.5X10“ 6 per atmosphere for 
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( l/v ) ( dv/dp ), calculated from the dimensions given and the elastic 
properties of the metal. 

Attention is called to the lack of concordance in the values of v 
calculated from the relation v=v<y> [l+at+bt 2 ] given for the volume of 
the metal container and the value of v actually used in the calculations 
[15] for the different gases at temperatures above 0° C. The metal 
container, constructed by welding ends on a cylindrical tube, was 
apparently not annealed before the initial calibration was made by 
filling with toluene at 18° C. After the container was used in measure¬ 
ments with several different gases at several different temperatures 
up to 400° C, a subsequent calibration [14] with mercury disclosed 
that the container had shrunk more than 2 in 10 3 . A change in 
volume of this order of magnitude would make a considerable change 
in all the a’s at 1 atmosphere or the “Z?-values” calculated from the 
measurements at various temperatures wfith He, A, N 2 , H 2 , and a 
mixture of Ne and He. 

It seems probable that 
most of the shrinkage 
took place during the 
measurements at the 
higher temperatures with 
one of these gases, but 
the order of the measure¬ 
ments with the different 
gases is not definitely 
stated. There is a strong 
implication that meas¬ 
urements with nitrogen 
were made first, although 
the anomalous results, 
mentioned but not 
recorded, with hydrogen 
at 300° C are in the right 
direction to be caused by 
such shrinkage; but this 

may also be explained satisfactorily on metallurgical grounds. The 
seriousness of this unfortunate situation is that these are the only 
available measurements on some of the gases at temperatures up to 
400° C, and it shakes the very foundations for several equations of 
state and many other conclusions based upon these measurements. 

Uncertainties in the volume of the container at high temperatures 
in the measurements with neon [14] seem to be smaller than for the 
other gases, since rather convincing evidence is given that the container 
was adequately annealed by this time after numerous excursions to 
400° C. Fortunately, the order is given in which the experiments on 
any one gas were made, and a good check with neon at 0° C is obtained 
before and after heating the container to 400° C. No corresponding 
check is supplied for the other gases. Using values of pv/p Q v 0 for 
nitrogen at 0° C up to 100 atmospheres, which were determined in 
glass containers and appear to be reliable to a few parts in 10 5 , together 
with measurements on nitrogen at 0° C obtained with metal containers, 
leads to values for the volumes of the metal containers which are 



Figure 4. —Data on neon at 0° C 

Reichsanstalt data, small closed circles; data of Michels and 
Gibson, open circles, with radii equivalent to uncertainty of 2 
in 10* in pv/pot'o. 
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about 2 in 10 4 larger than the values obtained in calibrations with 
mercury. This result appears to be in harmony with the results found 
by Kaminsky and Blaisdell [16], who demonstrated that mercury does 
not fill the small crevices in metal surfaces which are filled by gases. 
When allowance is made for slightly greater volumes of the metal 
containers and also for their stretch, the value of a at 0° C and 1 
atmosphere obtained from the Reichsanstalt measurements on neon, 
indicated in figure 4, is about 49±1X10“\ 

A similar value with about the same uncertainty may be obtained 
from the measurements of Michels and Gibson by eliminating the 
reference state, p 0 v 0 , at 0° C and 1 atmosphere and choosing one of 
the other states at higher pressures as a reference. When this is done, 
all the points indicated by the open circles in figure 4 are found to be 
represented by an equation of the form 

(n.l) 

PoVo V ^ \V J 

well within the author’s estimated limits of 2 in 10 4 and leads to the 
value for a at 1 atmosphere stated above. The fact that the points 
shown in figure 4 cannot be represented within these limits by the 
same form of equation, when the 1-atmosphere reference state is used 
as a basis for the calculations, appears to be very strong evidence of 
a systematic error in the earlier calibration of the piston gage or in 
the reference values, p 0} v 0 , at 0° C and 1 atmosphere. It may be noted 
that, when the reference state is changed to a state at high pressures 
and the 1-atmosphere data are excluded, all the ratios used in the 
calculations with eq 11.1 are essentially ratios of weights applied to 
the piston gage, whereas in the calculations of a 2 shown in figure 4, 
the effective area of the piston gage is involved, as previously indicated 
in eq 5.8. The volume of the gas at 0° C and 1 atmosphere was 
apparently not measured directly but was calculated from a meas¬ 
urement at about 25° C and 1 atmosphere and corrected to 0 C m 
a manner described in several later papers from the same laboratory. 

XII. REICHSANSTALT MEASUREMENTS BELOW 2 

ATMOSPHERES 

The latest measurements, obtained at the Reichsanstalt by Heuse 
and Otto [17] at 0° C and at pressures below 2 atmospheres, yield the 

following values for 10 5 a:: 


Po 9 (mm Hg) 

He 

H, 

N, 

in _ 1 

59 

38 

58 

53.0 

72 

4G 

G3 

61.9 

-25 

-62 

-55 

-45.3 

797 17 _ 

994.50___ 

10 s a from previous sections for comparison.- 


9 Throughout this section, po is used to designate a reference state, sometimes called the ice-point pressure 
in a gas thermometer, in order to conform to common practice in gas thermometry. It should not be con¬ 
fused with the 1 -atmosphere reference pressure used in other sections. 

These measurements were made after many years of experience in 
such measurements, and after improvements in apparatus and 
technique had been developed. It is the purpose of this section to 
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investigate why these measurements yield such a wide scatter in «. 
There are reasons for expecting that the primary measurements of 
p and v at 0° C with the apparatus and method employed should 
have been capable of yielding a precision of the order of a few units 
in 10 6 , which is comparable to about 1 percent in a, according to the 
analysis given in the section on uncertainties, when [(p/po) — 1] is 
about 0.3, as it is in all these measurements. The scatter, however, 
is many times this amount and appears to be systematic with the 

different gases at certain values of p Q . 

The measurements were made at the same time and are reported 
in the same publication containing the latest determinations of pres¬ 


sure and volume coef¬ 
ficients of expansion 
of these gases in a gas 
thermometer over the 
fundamental interval, 

0° to 100° C, which 
yield determinations 
of the thermodynamic 
temperature of the ice 
point, r o . With each 
separate filling of the 
gas thermometer, 
measurements were 
made with a constant 
mass of gas in four 
different states, indi¬ 
cated in figure 5, 
where the point 0 is 
taken as the refer¬ 
ence state for the 
group. Measure¬ 
ments at the states 1 and 0 yield a value for a or the slope of the 0° C 
isotherm. Similarly, measurements at the states 2 and 3 yield a value 
for the slope of the 100° C isotherm. Calculated values for the slope 
of the 100° C isotherm, for thermometer fillings to different p 0 ’s, 
expressed in terms of (10 5 /v 0 ) (dpv/dp) are: 



Figure 5. —Diagram of a group of Reichsanstalt meas¬ 
urements with one filling of their gas thermometer. 

Measurements at states 0 and 2 were made at constant pressuro and 
states 0 and 3 were measured at constant volume. 




1 

1 | 

Vo (mm lip) 

He 

Hi 

Nj | 

300.24 ... 

74 

69 

48 1 


31 

35 

12 

727.17.. 

68 

77 

28 

004.50. 

52 

Gf> 

12 

I 

Mean...1 

j 

i 5G 

62 

25 

| 


The scatter is greater than for the 0° C isotherm and departures from 
the mean appear to be systematic for all the gases at certain values 
of p 0 . 

In the Reichsanstalt calculations of T 0) the two isotherms were 
assumed to be straight lines, but the values used for the slopes were 
obtained from pv measurements up to 100 atmospheres. The assump¬ 
tion of straight lines and the measurements at the four states, indi- 
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- - tesrar- 

(pv)ioo_T m 

—jr- and a value for T 0 = 


(P*>) o 


100 


^100 

^0 


1 


When T 0 is calculated from the measurements in thic j- ± 


273 


O 


273 .3 


273 


273 


273 


- OHc 

2 

© N, 

© 


1 0H * 


0 

•0 


0 


© 


272L9 


P 0 (m Ho) * 0 


tures from the mean value, 
represented by the horizontal 
line, for all the gases at 
certain values of p 0 . 

The scatter of the values 
for T q is much greater than 
the scatter of the published 
values for T 0 obtained from 
calculations using values for 
the slopes determined from 
high-pressure measurements. 
Errors in the slopes deter¬ 
mined by the low-pressure 
measurements are evidently 
magnified in the calculated 
values for T 0f since the same 
values for states 0, 2, and 3 
in figure 6 are used in both 
methods of calculation. One 
method gets a value for T 0 
from points 0 and 2, and 


Pinirnp tz t/^7, f .» _ 11VU1 F UI11LO w min a. uil u 

?'ce voint T nn S f/?th temperature of the another value from points 0 
ice point, 1 0 , on the thermodynamic scale cal- 0 1 Q -.l _ 

culated from the Reichsanstalt measurements With accepted 

on helium, hydrogen, and nitrogen quoted in slopes, whereas the method 

table 10. used above requires all four 

points to get one value for T 0 . 
Arguments might be advanced that the direct method of calcula¬ 
tion used in table 10 is the proper one to use, that the low-pressure 
measurements are sufficient in themselves, should stand on their own 
feet, and high-pressure pv data should be ignored, as is done under 
similar circumstances when measurements of p and p are made for 
purposes of atomic-weight determinations [1]. Magnification of 
errors, especially systematic errors in the slopes determined over a 
short interval, however, appears to make the other method of calcu¬ 
lation, using slopes determined over a wide interval, the more reliable 
one to use. On the other hand, it may be argued that the measure¬ 
ments at state 1 are ignored and given no weight in the Reichsanstalt 
calculations of T 0 , while equal weight is given to measurements at all 
four states in the calculations in table 10. 
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Table 10. —Calculations to Tv from Reichsanstalt measurements 


Date 

1929 

State 
(see 
fig. 6) 

t 

v • 

V • 

pv 

PV 

Pot’o 

(pv)p-o 

Poco 

Tioo 

T 0 

To 

HELIUM 



° C 

m Ho 

cm * 

m Hg-cm 3 





4/15. 

0 

0 

0. 39024 



1.000000 

b 0. 999727 



4/15_ 

3 

100 

.53310 



• 1.36611 


1. 365961 

273.253 

4/15. 

2 

100 

.39024 



• 1.36597 

1.365588 

4/13_ 

1 

0 

.39024 

425. 624 

166. 0955 

0. 999889 



4/13. 

0 

0 

.53310 

311.600 

166.1140 

1.000000 

0. 999586 



4/13. 

3 

100 

. 72717 



• 1.36602 


1.366286 

273.011 

4/13. 

2 

100 

. 53310 



• 1.36594 

1.365720 

4/12_ 

1 

0 

.53310 

428. 199 

228.2729 

0.999903 




4/12. 

0 

0 

.72717 

313. 950 

228. 2950 

1.000000 

0. 999636 



4/12. 

3 

100 

.99450 



• 1.36611 


1.365714 

273. 438 

4/12. 

2 

100 

. 72717 



• 1.36587 

1.365217 

4/10_ 

1 

0 

.72717 

426. 301 

309. 9933 

0.999797 



4/11_ 

0 

0 

. 99450 

311.771 

310. 0563 

1.000000 

0. 999245 



4/11_ 

3 

100 

1.36280 



• 1. 36604 


1.366146 

273. 115 

4/11. 

2 

100 

0. 99150 



* 1.36579 

1. 365115 












HYDROGEN 


6/4_ 

0 

0 

0. 39024 



1.000000 

b 0. 999680 

6/4 _ 

3 

100 

. 53310 



“ 1.36617 

6/4_ 

2 

100 

. 39024 



• 1. 36604 

1.365685 

6/3_ 

1 

0 

. 39024 

425.383 

166. 0015 

0.999865 

6/3. 

0 

0 

.53310 

311.431 

166. 0239 

1.000000 

0.999496 

6/3_ 

3 

100 

. 72717 



* 1. 36613 


6/3. 

2 

100 

. 53310 



“ 1. 36604 

1. 365793 

6/1. 

1 

0 

.63310 

426.572 

227. 4055 

0. 999881 



0 

0 

.72717 

312. 76-1 

227. 4326 

1.000000 

0. 999554 

6/1 _ 

3 

100 

.99450 



• 1.36620 



2 

100 

.72717 



• 1. 36593 

1.365196 


1 

0 

.72717 

426. 938 

310. 4.565 

0.999777 


0 

0 

.99450 

312. 243 

310. 5257 

1.000000 

0.999171 

5/31. 

3 

100 

1.36280 



* 1. 36621 


5/31. 

2 

100 

0.99450 



* 1. 36589 

1. 365026 








1.366122 


1. 366482 


1.365S05 


1.366159 


273. 133 


272. 865 


273.370 


273. 105 


NITROGEN 


4/4. 

0 

0 

0. 39024 

4/4. 

3 

100 

.53310 

4/4. 

2 

100 

. 39024 

4/9. 

1 

0 

.39024 

4/9- 

0 

0 

.53310 

4/9_ 

3 

100 

.72717 

4/9. 

2 

100 

.53310 

4/6. 

1 

0 

.53310 

4/5. 

0 

0 

.72717 

4/5.: 

3 

100 

.99450 

4/5_. 

2 

100 

.72717 

4/6_ 

1 

0 

.72717 

4/8. 

0 

0 

.99450 

4/8. 

3 

100 

1. 36280 

4/8- 

2 

100 

0.99450 








427. 567 
312. 973 

166. 8537 
166. 8459 



427. 205 
313. 141 

227. 7430 
227. 7067 



428. 357 
313.151 

311.4884 

311.4287 






1.000000 

• 1. 36673 

• 1. 36664 

1.000047 

1.000000 

• 1.36671 

• 1.36668 

1.000159 

1.000000 

• 1.36709 

• 1.36699 

1.000192 

1.000000 

• 1. 36740 

• 1. 36734 


b 1. 000234 
1.366394 

1.000175 
1. 366595 

1.000596 

1.366718 

1.000714 
1.367178 


1. 366074 


1.366356 


1.365904 


1.366203 


273. 169 


272. 969 


273.296 


273. 073 


• Quoted values, all others are calculated values. 

b Since measurements at state 1 were lacking, a value for the slnne nt tha n° , , 

order to get at value for To from this group. P ® ° f tLe 0 Isotherm WftS assumed in 

































































528 Journal of Research of the National Bureau of Standards (va .« 

in thU<1 ™ efcl , lod of calculation appears to have several advantages 
m this particular case, since it retains certain desirable features of 
each of the other methods and removes many of the systematic effects 
already mentioned by ignoring certain calibration measurements 

state h i ar therebJ e ^ nbed /j n detaU ’ a , nd V ses inst ead measurements at 
the apparently more reliable values for the slopes supplied by hiah- 

but are inserted into the calculations at an earlier stage in combination 
with measurements at states 1 and 0, figure 5. If such measurements 
yield an erroneous value for the slope at 0° C, and if the errors are 

sTateTmnvh 01 ^ 11 ’ th ® ^ ances are even that the measurements at 
state 0 may be in error and hence may lead to two erroneous values 10 

or 1 o m the Keichsanstalt method of calculation, which in effect ffives 

this point double weight, because it is used in calculating a constant- 

volume and also a constant-pressure coefficient of expansion, and with 

accepted slopes, two separate values for T 0 . On the other hand if the 

measurements at states 1 and 0 appear to be systematically in’error, 

K is obviously desirable to make the calculations so as to eliminate the 
effect oi the systematic errors. 

The unique feature of the latest Reichsanstalt measurements, which 
is supposed to make them more reliable than similar earlier measure¬ 
ments leading to T 0 — 273.20, was the use of a specially constructed 
mercury manometer, which was surrounded by ice. Several platinum 
vires were sealed into the glass walls at certain chosen heights and 
bent downward at the axis of a long vertical glass tube to serve as 
puck points at the center. Thus all of the pressure measurements 
were made with definite fixed heights of mercury columns, as indicated 
in table 10. I he exact manner in which these heights were measured, 
once and lor all, is not clearly described. It is mentioned, however, 
that the distances between prick points were measured at room tem¬ 
perature, although as used the manometer was at 0° C. It is men¬ 
tioned further that only pressure ratios are important and that the 
above circumstance should introduce no appreciable error in the ratios 
of heights, which would appear to be true if there were no vertical 
temperature gradients during the measurements at room temperatures, 
if the sealing-in processes at several points had no effect, and if the 
coefficient of linear expansion of the glass was the same throughout. 

No information is supplied relative to possible refraction errors in 
sighting through possibly nonuniform glass walls to the prick points 
or onto the mercury surface brought into “optical contact” with the 
prick points in the calibration of the manometer. All of these and 
other uncertainties in the calibration of the manometer, which appear 
to be the source of the S3 7 stematic effects previously mentioned, may 
be eliminated as outlined below. 

Although Heuse and Otto apparently did not realize it, they had at 
their disposal in reality, almost every day they took observations 
extending over a period of several months, an independent and reason¬ 
ably reliable partial calibration of their manometer with each filling 
of their gas thermometer. Instead of inserting accepted values for 
slopes into the calculations near the end as they did, everything 

1 ° A possible illustration of this is in the case of |N 2 at po=390 mm (see Heuse and Otto’s table 7) where 
mean* va^ife^for 8 } heVgases°is TStiSt “ ^ 130619 CeonstamvofumeX whiTe thl 
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would have come out better if they had inserted the accepted slopes 
at 0° C into the manometer calibration at the beginning. Instead of 
using the measured heights in the calibration of the manometer to 
calculate 0° C slopes, which scatter widely and were not used in the 
calculations later on, the same calculations may be reversed, since 
measurements at states 1 and 0, together with accepted slopes for 
the different gases, lead directly to several calibrations of the manom¬ 
eter. Although such calibrations yield only pressure ratios, these 
are the important quantities anyway. 

Equation 4.3, together with the assumption of constant slope over 
the small interval covered by these measurements, gives 


1 / dpv\ = \/ p b v b — PaV a \ ^ 
v\dp)t v 0 \ p b —p a )i 


( 12 . 1 ) 


where the subscripts refer to any two equilibrium states, a and 6, of 
a given mass of gas at 0° C, and v 0 is the volume of the same mass of 
gas at 0° C and 1 atmosphere, which takes the place of a mass deter¬ 
mination. All the values of a at 1 atmosphere, obtained in previous 
sections, are on this same basis and hence may be used to advantage 
in eq 12.1 or any transformation of it. This is emphasized because 
the later calculations are made to serve a double purpose, one of 
which is to obtain a test of the reliability of the values of a for the 
different gases. 

In order to get eq 12.1 into a convenient form for the calculations 
at hand, the following steps are written out 

Pt>Vb — PaVa=OLV Q {p b — p a ) 

p b {v b — av 0 ) =p a (v a — OCV 0 ) 


p b __ Vg °*-Vq 
Pa V b —aV 0 


Vb ^\ 1 Va ~ Vb , 
Pa 'V b —(XV o* 


( 12 . 2 ) 


In the Reichsanstalt measurements, the quantity ( v a — v b ) was directly 
measured by weighing displaced mercury, which is one of the simplest 
and most accurate of laboratory measurements. The quantity v b 
was obtained from similar measurements of the volume of the gas- 
thermometer bulb and the connecting glass tubing up to the lower 
mercury surface in the manometer. Using the measured volumes 
quoted in table 10, and values for v Q to four figures, easily obtainable 
from the column headed py, and the values of a previously obtained, 
the following results are given in detail as an illustration. 


Date 

Gas 

105 a 

aPo 

Vk 

Pk—art 

la - Vb 

V* 

4/12... 

6/1..-. 

4/5... 

Mean. 

He 

H, 

N, | 

53.0 

61.9 

-45.3 

0. 1592 
.1852 
-. 1357 

313. 950 

312. 764 

313. 141 

313. 7908 

312. 5788 

313. 2767 

114.249 
113.808 
114. 0G4 

1.304093 
1.364094 
1.364100 







1.364096 
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These results supply the best direct experimental evidence available 
that the values for the slopes of the 0° C isotherms below 2 atmospheres 
lor these three gases are mutually consistent within reasonable un¬ 
certainties in these measurements. The maximum deviation from 
the mean ratio p b /p a is about 3 in 10 6 , which appears to confirm the 
earlier statement that a precision of this order of magnitude should 
have been attainable in these measurements. To attain such a pre¬ 
cision, of course, means that the two mercury surfaces in the ma¬ 
nometer must be set in “optical contact” with the prick points with a 
precision of about 0.002 mm, 11 in the foregoing instances, since the 
recorded pressures quoted in table 10 are 533.10 and 727.17 mm Hg. 
But the ratio of these numbers obtained from measurements of 
heights m the initial calibration of the manometer is p b /p a = 1.364041. 
This value is different from the above mean by 40 in 10 6 , which corre¬ 
sponds to a systematic error of about 30 percent in all the a’s 0.017 
cm 3 in Vd v b} (0.23 g Hg) or 0.047 cm 3 in v b (0.64 g Hg), all of which appear 
to be unreasonably large. It seems more likely that the height measure¬ 
ments in the initial calibration are responsible for the difference. 

When the same calculations are carried out, using all the reported 

volume measurements, including oxygen (10 5 <*=—95.1) and neon 

(10 5 a=49.0), the results indicate a lower precision in several instances, 
as shown below. 


Calibration based on measurements of heights 


Vb - 533. 10 727. 17 994. 50 1362. 80 

Va- - 390. 24 533. 10 727. 17 994. 50 

Pt/Pa - 1. 366082 1. 364041 1. 367631 1. 370035 


Calibrations based on isothermal slopes and measurements of volume, reported in 

Heuse and Otto’s table 2 


He- 1. 366067 1. 364093 1. 367608 

H a - 1. 366056 1. 364094 1. 367624 

N 2 - 1. 366031 1. 364100 1. 367675 

O,- 1. 366076 1. 364081 1. 367651 

Ne“- - 1. 367650 12 

Mean_ 1. 366057 1. 364092 1. 367642 


Calibration based on isothermal slope and measurements of volume, dated 2/6/1929 

and reported in Heuse and Otto’s table 1 

He_ 1. 366000 1. 363969 1. 367720 1. 370275 


There appears to be no convincing evidence in these results that the 
value used for a for any one gas is inconsistent with the values for the 
other gases. The scatter for the different gases at the third pressure 
ratio is about twice as large as at the other two ratios. One possible 
reason for this may be that a much longer piece of capillary tubing 
containing mercury at room temperature was used in the measure¬ 
ments of v a — v b when the pressure exceeded 1 atmosphere. Further¬ 
more, it may be noted from table 10 that the two states for He giving 
the lowest value (1.367608) were measured 1 day apart, and the two 
states for N 2 giving the highest value (1.367675) were measured 2 days 
apart, whereas the two states were measured on the same day for all 
the other gases at the corresponding ratio. 


11 The author has had some experience which indicates that prick point settings on a mercury surface can 
be made to this precision without much difficulty. 

11 Calculated from volume measurements reported in Ann. Physik 6, [4] 778 (1930). 
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In the calibration calculated from the measurements, dated February 
6, 1929, the conditions were different. These measurements were 
obtained before the gas-thermometer bulb (v= 297.134 cm 3 ) was 
sealed onto the capillary tubing. All these measurements were made 
with one He filling O 0 =70.38 cm 3 ) and the mercury displacements 
were smaller (14.528 to 36.709 cm 3 ). Heuse and Otto do not give 
the diameter of the manometer tubing, but state that a change of 
0.1 mm in the height of the mercury meniscus corresponds to a change 
of 0.005 cm 3 in the volume of the gas beneath a fixed plane tangent 
to the mercury meniscus. All the differences from the means given 
above correspond to differences in the meniscus height in the two states 
of less than 0.2 mm, including the February 6, 1929, calibration. 
It seems likely that much of the scatter may be appropriately charged 
to differences in meniscus height rather than to corresponding errors 
up to 0.010 cm 3 (0.14 g Hg) in the volume measurements. 

When the mean values for the pressure ratios determined with 
several gases are used in later calculations, most of the systematic 
effects previously mentioned are removed, the scatter is markedly 
reduced, and there is general improvement all along the line. For 
example, the constant-volume coefficients for N 2 are brought into 
much better agreement with the measurements reported by Beattie 
[11]. While the constant-volume coefficients, p P) are changed, the 
constant-pressure coefficients, /3 P , are unchanged. The improvement 
in the differences, /3 P — /3 0 , which are related to the 100° C isotherm 

slopes, is illustrated below. 


As reported (height calibration) 

Gas volume calibration 

Po 

lO’0p 

10-0. 

lOJ(0 p -0.) 

10*0, 

lO7(0 p -0,) 

HELIUM 

mm Hr 
300 

36, 597 

36,611 

14 

36,608 

11 

533 

36, 594 

36, 602 

8 

36. 607 

13 

727 

36, 587 

36,611 

24 

36, 612 

25 

094 

36, 579 

30,604 

25 

36,604 

25 

11YDROGKN 

300 

36,604 

36, 617 

13 

36,614 

10 

533 

36, 604 

36, 613 

9 

36, 618 

14 

727 

36, 593 

36, 620 

27 

36, 621 

28 

094 

36, 589 

36, 621 

32 

36, 621 

32 

NITROGEN 

390 

36,664 

36, 673 

9 

36,670 

6 

533 

36, 668 

36, 671 

3 

36.676 

8 

727 

36, 699 

36, 709 

10 

36,710 

11 

994 

36, 734 

36, 740 

6 

36, 740 

6 


Calculations of a mean value for T 0 and an uncertainty in T 0 from 
these Reichsanstalt measurements on the basis of a different manom¬ 
eter calibration have not been carried out for several reasons. It 
requires a recalculation of all of the foregoing values to one more place. 
Uncertainties in the values of the difference between the 0 and 100 
°C isotherm slopes are involved, as are questions of weighting. It 
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Sends STo^Sie? 41 WeigUed 


UKisJVLENTS BY BAXTER AND STARKWEATHER 

Xr™? ° PfU ^?XinXlt“wther oMaSX o“‘b and TatmlT 

.neasu^nSts aSX‘Te cl.cVa 

^certainties basedTn'&r T H SS ' ara lar S er U>« caleSd 

uncertainties based on both sets of measurements. 

n the previous sections, the calculated uncertainties in a at 1 
Vtha ? 1 Screen 11 n ° U w perCent or [f s ' Bw as pointed out in section 

SuSentlof bZT of Xfr sphe f e - As sh0 ™* tabftf the 

XcertsfiETn 6 of kind avaUabfe, the cJoSS 

calculated uncertainties in the a’s range from 7 to 30 percent In 
every case, however the values of « obtained from high-pressure 

the low-pressure measurements, as shown below. ^ 


10* a from measurements at— 

Gas 

High pressures 

I Low pressures I 

o, 

-95.1±0. 9 

-93±7 

Nj 

-45. 3rb0. 3 

—41=b9 

Ne 

A 

49 drl 

59±16 ! 

A 

-94 d=l 

-89±12 


Differences 
in mean 
values (%) 


-2 

-12 

-20 

-5 


The measurements of Baxter and Starkweather were apparently 
made by weighing all of these gases in glass “globes” of about 2-hter 
capacity, using the same manometer and technique throughout all 
these measurements. The constant sign of the differences between the 
mean values of a suggests the possibility of a systematic error in the 
measurements of density or pressure or both. According to the analy¬ 
sis given in section V, 2 percent in a for 0 2 corresponds to about 0.004 
mm Hg in p, or about 0.02 mg in the weighings of 2-hter globes. That 

the difference is this small is high tribute to the care and skiil of the 
observers. 
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Table 11 .—Measurements of the density of gases at 0°C obtained by Baxter and 

Starkweather 




Density 

Un¬ 

cer¬ 

tain 

ty 

10’n 

p 

No. 

obs. 

pv 

PqVo 


Uncer¬ 

tainty 

V 

Po 

Pressure 

10 5 as 


OXYGEN (PROC. 

NTL. 

ACAD. SCI. 12,703 (1926)) 


1 

mm Hg* 

760 

g/liter 

1. 428962±10 b 

7 

6 

1. 000000±00 



3/4 

670 

1.071485±29 

27 

20 

1. 000220±28 

-88.0 

13 

1/2 

380 

0.714164±24 

34 

12 

1. 000458±35 

-91.6 

8 

1/4 

190 

. 356985±17 

48 

10 

1.000716±48 

-95.6 

7 






Weighted 0 mean.. 

-93±7 



NITROGEN (PROC. NTL. ACAD. SCI. 12, 703 (1926)) 


1 

760 

1.250361±29 

23 

18 ; 

1. 000000±00 



2/3 

506. 667 

0.833482±16 

19 

18 

1.000110±30 

-33.0 

27" 

1/3 

263.333 

.416C62=fcl6 

38 

14 

1.000290±44 

-43.5 

15 






Weighted 0 mean.. 

-41±9 



NEON (PROC. NTL. ACAD. SCI. 14 , 67 (1928)) 


1 

760 

0. 899902±20 

22 

n 

1 . 000000±00 



2/3 

506. 667 

. 600044±30 

50 

mm 

0. 999818±55 

54.6 

*30’ 

1/3 

253. 333 

. 300090±26 

87 


0. 999591 ±90 

61.5 

22 





■ 

Weighted 0 mean.. 

69±16 



ARGON (PROC. NTL. ACAD. SCI. 14, 67 (1928)) 


1 

760 

1. 783640±44 

25 

15 

1 . 000000±00 



2/3 

506. 667 

1. 188739±45 

38 

7 

1. 000299±45 

-89.7 

15" 

1/3 

253. 333 

0. 594193±30 

61 

6 

1. 000594±72 

-89. 1 

12 






Weighted e mean..! 

—89±12 



• At 0° C and 0=980. 616. 

b In stating these uncertainties the decimal point has been disregarded for convenience. Thus 1.428962±10 
is to be interpreted as 1.428962±0.000010. 

« Weighting each aj inversely as the square of its uncertainty. 


In figure 7, uncertainties in the measurements are indicated by 
arrows. If arrows indicating uncertainties in the values of a. for 0 2 
and A had been shown in figure 1, the apparent inconsistency between 
low- and high-pressure measurements would be more readily under¬ 
standable. It is evident from table 11, and also figure 7, that the un¬ 
certainties increase at the lower pressures and become magnified at 
V = 0, where the highest accuracy is most desirable. The unbroken 
lines in figure 7 represent least-squares equations based entirely on the 
measurements of Baxter and Starkweather, “weighted according to 
their probable errors,” as stated in the 34th annual report [18] of the 
committee on atomic weights. The broken lines represent the 0° C 
isothermal slopes or a’s obtained in previous sections. 13 


11 The data on argon fall so close to the oxygen line in figure 7 that they were omitted to avoid confusion. 
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Mean values for Po and values for RT 0 and M may be calculated 
from the measurements quoted in table 11, as has been done by Baxter 
and Starkweather [18]. Similarly, values for Po , RT 0 and il/may be 



Figure 7. Data at 0° C by Baxter and Starkweather. 
linesr^prcsent^oj^^lcuJated from'hig^-pr^uro^measuremeifte. 011 low * pressure measurements. Broken 

calculated by using the values of a previously obtained. The differ- 
ences m the calculated uncertainties in the two cases may be of interest. 
Equations 3.3 and 4.3 combined with p = 0, yield 


pv=p 0 v 0 (l — a)=:~2, 


(13.1) 


which may be written, for these calculations, in the equivalent forms 


RTc 


M 


Mp 0 (1 — a) 
Po 

PqRTq 


(13.2) 


(13.3) 


p 0 (l — a) 

Based entirely on the measurements of Baxter and Starkweather, 
the results turn out as follows: 


RT 0 

Af (NO = 

M(Ne) = 
M( A) = 


32 (1.00093 ±7) 


22.4147 ± 16 


1.428965 ±10 
(1.25037 ± 2) (22.4147 ± 16) 

1.00041 ±9 

(0.89990±2) (22.4147 ±16) 
0.99941 ±16 

(1.78364 ±4) (22.4147 ± 16) 
1.00089 ±12 


28.0152 ±32 


20.1829±36 


39.9442 ±56 
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When the a’s obtained from high-pressure measurements are used, 
the calculated uncertainties are reduced, as follows: 


RT 0 = 
M(N 2 ) = 
M( Ne) = 
M( A) = 


32(1.000951 ±9) 


22.4151 ±3 


1.428965±10 
(1.25039 ±2) (22.4151 ±3) 
1.000453 ±3 

(0.89990±2) (22.4151 ±3) 
0.99951 ±1 

(1.78364 ±4) (22.4151 ±3) 
1.00094 ±1 


28.0149±6 


20.1812 ±6 


39.9430 ±11 


For comparison, the 1940 international atomic weights give 28.016 
for N 2 , 20.183 for Ne and 39.944 for A, the last two values apparently 
being based entirely on the measurements quoted in table 11. When 
consideration is given to the results of other observers and different 
values are used for p 0 and the estimated uncertainty in po, the results 
are slightly different, 14 of course, but the major uncertainty in all 
published atomic weight calculations of this kind is in the value of a 
determined by low-pressure measurements alone. 

It should be noted from table 11 that the pressure unit is 760 mm 

Hg at 0° C and y=980.616. Expressing the above results for RT 0 in 

different units gives 

22.4151 liter mole -1 atm (0 = 980.616) 

22.4140 liter mole -1 atm (0 = 980.665) 

22414.6 cm 3 mole -1 atm (0 = 980.665) 

2271.16 joules mole -1 

XIV. CONCLUSION 

As a result of many careful and painstaking investigations in recent 
years, the slopes of the po isotherms at 0° C below 2 atmospheres for 
He, Ne, A, II 2 , N 2 , and 0 2 appear to be known to about 1 percent, 
which is comparable to a few parts in a million in relative measure¬ 
ments of pressure and volume at this temperature and in this pressure 
range. Reliable values for the isothermal slopes are of importance in 
atomic-weight determinations, in gas thermometry, in certain theo¬ 
retical calculations, in gas analyses (for example, in converting from 
volume percent to mole percent), and in many other applications 
where it is desired to avoid the approximations involved in the 
ideal gas laws. 

Some of the summaries relative to these slopes, such as those given 
in International Critical Tables, in the Handbuch der Experimental 
Physik, and in the most recent summary by Keesom andTuyn[10] 
give the impression that these slopes are very uncertain because of 
the wide scatter in the published values obtained by different 
observers. It is hoped that the foregoing discussion of the subject 
may supply the key to some of the reasons for such a wide spread 
in the published values. 

14 Dirge 12) used the same value of po for 0>. He used “least-squares probable error" apparently in his ± 
terms. Putting these on the basis used here (see section V), his “adopted values" for po and a lead to 

RTt > — " 22 ' 4145=i:24 liter mole-«atm (0-980.616.) 
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COMPARATIVE TESTS OF CHEMICAL GLASSWARE 
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ABSTRACT 

This paper describes the results of comparative tests of four brands of chemical 
glassware: Tamworth-Glasbake, Kimble No. N51a, chemical Pyrex, and Vycor 
(Corning Glass Works’ 96-percent silica glass No. 790). The wares were com¬ 
pared with respect to resistance to acid, alkaline, and nearly neutral reagents, 
and resistance to thermal and mechanical shock. The chemical composition and 
the thermal expansivity of each glass were also determined. 
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I. INTRODUCTION 

Three brands of borosilicate glass, varying somewhat in composi¬ 
tion and general properties, are now produced in the United States 
in the form of beakers, flasks, and other apparatus for general labora¬ 
tory use. These three wares are chemical Pyrex (Corning Glass 
Works , No. 774); Kimble Glass Co.’s No. N51a; and Tamworth- 
Glasbake. 1 

A series of tests designed to determine the relative resistance to 
chemical attack of these three wares has been made at the National 
Bureau of Standards, similar to tests made about 25 years ago, 2 
when the European wares commonly used up to that time began to 
be displaced by several products of American manufacturers. The 
chemical compositions of the glasses, and their thermal coefficients of 
expansion, were also determined, and some information gained con¬ 
cerning their resistance to mechanical and thermal shock. 

> The ware bearing this mark Is manufactured by the McKee Glass Co., Jeannette, Pa., and distributed 
by Tamworth Associates, Needham Heights. Mass. The McKee Glass Co. has stated that ware of the 
same composition will be distributed in certain parts of the country under the mark “Glasbake.” 

rr.,‘^ e T C ^ jyallcer and F. W. Smither, Comparative tests of chemical glassware. Tech. Pap. BS 10, (1918) 
T107; J. Ind. Eng. Chern. t f 1090 (1917). 
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A new type of chemical glassware sold under the trademark Vvcor 

(Corning Glass Works’ 96-percent silica glass No. 790) was included 
m some of the tests. 

Erlenmeyer flasks of 250-ml capacity were used for nearly all the 

tests described m this report. The factories where the different glasses 

are produced were visited by one of the authors to see the flasks made 

(except the Vycor) and to earmark them for delivery to the Bureau. 

At the same time, samples of the glasses in the form of rods were 

prepared and brought to the Bureau. These samples, together with 

some in the form of slabs, were used for some of the measurements of 
the thermal expansivity. 

II. CHEMICAL COMPOSITION 

The major constituents of the glasses tested were determined by 

routine chemical analyses. 3 The results obtained, as given in table 1, 

are intended to show the approximate composition, except with 

respect to arsenic and antimony. These elements were determined 
with greater care. 4 


Table 1 . —Composition of the samples 


Constituent 

Glasbake 

Kimble 

Pyrex 

Vycor d 


Percent 

Percent 

Percent 

Percent 

Si0 2 - __ 

78. 4 

74. 7 

81. 0 

96. 3 

B 2 O 3 --- 

f—v V 

14. 0 

9. 6 

13. 0 

2. 9 

fhOs*_ 

2. 5 

5. 6 

2 . 2 

0. 4 

ZnO __ _ 

n. d.° 

0 . 1 

1 n. d. 

n. d. 

CaO_ 

0 . 1 

. 9 

neg. b 

neg. 

BaO __ 

n. d. 

2 . 2 

n. d. 

n. d. 

MgO _ 

neg. 

neg. 

n. d. 

n. d. 

Na 2 0 

5. 0 

6 . 4 

3. 6 

< 0 . 02 

k 2 o_ 

neg. 

0. 5 

0 . 2 

< . 02 

A.S 2 O 3 - - - 

0. 037 

. 027 

. 002 

. 005 

Sb 2 0 3 _ 

. 038 

. 009 

n. d. 

n. d. 


a Chiefly AhOj. 

b "neg." indicates a negligible amount of the constituent. 

• “n. d.” indicates the corresponding constituent was not detected. 
d 0.3 percent of undetermined constituents. 


III. THERMAL EXPANSIVITY 

The average coefficient of linear expansion in the range 20° to 
300° C was determined with the apparatus described by Souder and 
Hidnert 6 on specimens of the rods obtained for that purpose. The 
coefficient was also determined bv the interferometer method described 
by Peters and Cragoe, 6 as amplified by Saunders, 7 on specimens cut 
from slabs and from flasks. The rods were tested first “as received” 
(i. e., air-cooled or unannealed), and again after the same specimens 


1 Analyses made by Francis W. Glaze. 

4 Determinations made by J. A. Scherrer. 

4 Wilmer Souder and Peter Hidnert, Measurement on the thermal expansion of fused silica, BS Sci. Pap. 
21 , 1 (1926) S524. The measurements by this method were made by Hidnert. 

• C. G. Peters and C. H. Cragoe, Measurements on the thermal dilatation of alasse sat high temperatures, BS 
Sci. Pap. 16 , 449 (1920) S393. 

7 James B. Saunders, Improved interferometric procedure with application to expansion measurements, J. 
Research NBS 23 , 179 (1939) RP1227. The measurements by this method were made by L. H. Maxwell 
and by Saunders. 
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were carefully annealed. The annealing consisted in heating the 
rods to 590° C for 5 hours, cooling to 515° C at the rate of 8° C per 
hour, holding at the latter temperature for 48 hours, and then cooling 
slowly to room temperature. The initial cooling rate from 515° C 
was about 1° C per hour and was gradually increased to a maximum 

of 10° C per hour as the temperature fell. 8 

The results of the expansivity measurements are given in table 2. 
The data show that the two methods of measurement give practi¬ 
cally identical results, unless there were compensating differences in 
the samples and methods used. 


Table 2. —Average coefficient of linear ezpansionX 10*, between 20° and 800° C 


Condition 

Brand of glassware 

Glasbake 

Kimble 

Pyrex 

Vycor 

As received_ 

Do_ 

Annealed_ 

Do_ 

•3. 7(H) 

3. 7(M) 

3. 4(H) 

3. 6(M) 

4. 9(H) 

4. 9(M) 

4. 8(H) 

4. 9(M) 

3. 3(H) 

3. 3(M) 

3. 0(H) 

3. 1(M) 

0. 8(S) 


- Values followed by (H) were obtained by P. Hidnert, those followed by (M) by L. H. Maxwell, and 
that followed by (S) by J. B. Saunders. 


IV. RELATIVE CHEMICAL RESISTANCE 

In studying the effect of various aqueous solutions and other re¬ 
agents on the glasses, no attempt was made to determine the nature 
of the reactions, that is, to find out what changes occurred at the 
surface of the glass or whether the material removed was of the same 
composition as the glass. An exception to this general rule was made 
in determining the amount of arsenic removed by alkaline solutions, 
since this is of known interest in certain uses of chemical glassware, 
such as in the determination of arsenic in insecticide residues on fruits. 

These results appear in table 5, footnote a. . 

In general, it appeared that the analyst’s interest would lie in the 
total amount of substance removed from the glass, in relation both 
to the contamination of solutions undergoing analysis, and to the 
relative rates at which the wares would become unserviceable through 
roughening of the surface. Because precipitates tend to adhere to 
etched glass surfaces so tenaciously as to make quantitative transfers 
difficult or impossible, the useful life of much chemical glassware may 
be ended by excessive etching or scratching of the inner surfaces, 
rather than by breakage. 

Since the chemist cannot readily have glassware made to order 
(with respect to composition or properties) but must necessarily make 
a choice among products that are commercially available, it seemed 
useless to attempt to devise tests that might yield results which would 
be independently reproducible and which might have some absolute 
significance. Instead, the methods of testing chemical resistance were 

• It happened to be convenient to anneal the rods in the same furnace with some optical glass—hence 
this unnecessarily long schedule. 
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With a few exceptions, which will be indicated, 200 ml of the selected 
reagent was placed in each of three flasks of each of the wares, which 
were heated simultaneously on an electric hot plate. Gentle boilin°- 
w'as main tamed for 6 hours. During the treatment, each flask was 
closed with a funnel-shaped cover, made of the same glass, to serve 
as a partial condenser. Flattened pellets of gold sponge served admir¬ 
ably to prevent bumping and were not attacked by any of the reagents 
except perchloric acid, which did attack them slightly. About mid- 
v ay of the 6-hour period of boiling, the volume of reagent was restored 
to about 200 ml by replenishing with hot water, except as otherwise 
noted. I he flasks made of the different glasses were so nearly of the 
same siiape and capacity that variations in the surface exposed to 
attack were regarded as negligible. Because they were exposed to 
condensing vapors and to spray from the boiling liquid, the glass sur¬ 
faces above the level of the reagent were also attacked, although 
probably not equally with the submerged portions. 

After the 6-hour treatment, the flasks were emptied, rinsed with 
water, gently scrubbed inside and out, then thoroughly rinsed again, 
and heated m the oven overnight at about 110° C. The weighing 
procedure after treatment was the same as before. The same flasks 

were then subjected to a second treatment for 6 hours, and in some 
instances to a third. 

The Vycor flasks were not received until after the tests had been 
started. The tests of this ware were, therefore, not made simul¬ 
taneously with those of any of the other three brands. However, since 
the conditions of test were duplicated rather closely, it is believed that 

esu can safel y compared with those for the other wares. 

The reagents used, besides distilled water, can be divided into three 
groups: Strongly acid, strongly alkaline, and nearly neutral. The 
results obtained with the three groups of reagents are shown in tables 
4, 5, and 6. For convenience, the results obtained with water are 
included with those of the acid group. 

In order to show the extent of the variations in results obtained with 
different flasks, and during the successive periods of test, all of the 
individual results are tabulated, together with the averages for each 
flask and for each period of test. All the results obtained are reported. 
Only two results (for Vycor flasks treated with water) have been 
rejected in computing averages. These two were rejected because they 
deviate excessively from the average of the others in the same series. 

Since the average deviation of the 45 trial weighings (from the 
averages of each of the nine groups of five weighings shown in table 3) 
is 0.05 mg, and since two weighings are involved in each test of a flask, 
differences in individual results in tables 4, 5, and 6, greater than 0.1 
mg can be regarded as significant, in general. However, since the 
experimental work was not planned specifically with the object of 
detecting differences in chemical resistance between individual speci¬ 
mens of glassware, it is believed that more attention should be given 
to the average results for each group of flasks. Again, although sig¬ 
nificant differences seem to occur in some instances between the results 
for the successive periods of treatment, their failure to occur more 
generally makes them hard to explain. In the graphic presentation 
of the results, in figures 1, 2, and 3, only the grand averages are shown. 

In comparing results obtained with different reagents, account 
should be taken of the occasional variations in the testing procedure 
or in the length of the periods of test. 
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1. ACID REAGENTS AND WATER 

The numbers of the following explanatory notes correspond to the 
numbers attached to each group of data in table 4 and figure 1: 

1. Distilled water. 

2. Approximately normal sulfuric acid. 

3. Approximately normal phosphoric acid (one-third molar). 

4. Approximately 6 N (“constant-boiling”) hydrochloric acid. 
About midway of the 6-liour period of boiling the flasks were re¬ 
plenished with acid of the same strength instead of with water. 


20 


30 


40 


50 



5. A solution containing 50 ml of concentrated hydrochloric acid, 
50 g of sodium chloride, and 50 g of ammonium chloride, in 1 liter. 

6. Sulfuric acid, 95 percent. Fifty ml was used instead of the 

usual 200 ml, and the flasks were heated on a gas hot plate. Since 

the area of glass exposed to the boiling acid was not the same as with 

most of the other reagents, the results are not directly comparable 

with those obtained with the others. No replenishment of acid was 
necessary. 

7. Perchloric acid. Fifty ml of 60-percent acid was used for the 
first period of 6 hours. The electric hot plate used did not supply 
enough heat to keep the acid boiling, but much of the acid evaporated 
l<or the second period, 100 ml of acid was used. The flasks were 
heated on a gas hot plate to keep the acid boiling gently. No acid was 
added during either of the 6-hour periods. 


Table 4. —Observed losses • i 
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2. ALKALINE REAGENTS 

The numbers of the following explanatory notes correspond to the 
numbers attached to each group of data in table 5 and figure 2: 

8. Twentieth-normal sodium hydroxide. 

9. Half-normal sodium hydroxide. 

10. Half-normal potassium hydroxide. 

11. Half-normal sodium carbonate. 

12. Half-normal potassium hydroxide in 95-percent alcohol. When 
this solution was used the flasks were connected with water-cooled 


O 50 IOO ISO 200 250 300 



0 50 100 150 200 250 300 


L0S9 IN WEIGHT IN MILLIGRAMS 

Figure 2. —Comparative resistance to alkaline reagents. 

Average loss in weight, in milligrams, per flask per 6-liour period of exposure. 

For 0.5 N potassium hydroxide in alcohol the loss in weight shown is six times the average hourly loss 
reported in table 5. 

reflux condensers, by means of rubber stoppers. The first period was 
1 hour and the second 2 hours, instead of the usual two 6-hour periods. 
The object of this departure from the usual procedure was to simulate 
actual conditions under which alcoholic potash solutions are frequently 
used. 

13. A solution containing, at the outset, 100 ml of ammonium 
hydroxide (about 28 percent of NH 3 ) and 100 g of ammonium chloride 
in 1 liter. This solution was boiled in the usual way and was replen¬ 
ished with water. These results are not shown in figure 2. 

14. Ammonium hydroxide, about 28 percent of NH 3 . This reagent 
was used at room temperature. The flasks were closed with rubber 
stoppers. The first period was 8 days and the second 34 days. These 
results are not shown in figure 2. 










Table 5.—Observed losses in weight ( milligrams ) of flasks exposed to alkaline reagents 
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3. NEARLY NEUTRAL REAGENTS 

This group of reagents was made up chiefly of 5-percent solutions of 
sodium chloride (actually 50 g of NaCl in 1 liter of solution) adjusted 
iVj 0 ec points on the pH scale by means of mixtures of potassium 
di hydrogen phosphate and disodium hydrogen phosphate. The 
effect of nearly neutral salt solutions was studied in some detail after 
was observed that an unbuffered 5-percent solution of sodium 
chloride caused a pronounced attack of all the glasses (although in 


20 


SODIUM CHLORIDE NOT BUFFERED (15) 


SODIUM CHLORIDE IN N/IOOO HYDROCHLORIC ACID (16) 



SODIUM CHLORIDE BUFFERED AT pH 6.2 (17) 


OJ 
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SODIUM CHLORIDE BUFFERED AT pH 7.0 (10) 

I I 




SODIUM CHLORIDE BUFFERED AT pH 7.7 (19) 


SODIUM CHLORIDE BUFFERED I AT pH 8 4 (20) 


PHOSPHATE BUFFER AT pH 6.8 (21) 



POTASSIUM CHLORIDE BUFFERED AT pH 7.2 (22) 


10 15 

LOSS IN WEIGHT IN MILLIGRAMS 


Figure 3. —Comparative resistance to nearly neutral reagents , 
Average loss in weight, in milligrams, per flask per 6-hour period of exposure. 


varying degrees). The indicated pH is that of the solution at the 
beginning of the test period, at room temperature. The approxi¬ 
mately neutral solutions used were as follows. The numbers of the 
paragraphs correspond to the numbers attached to the several groups 
of data in table 6 and figure 3. 

15. Sodium chloride, 5-percent, not buffered. The solution was 
slightly acid at the beginning of the test period, but the contents of the 
flasks were slightly alkaline at the end of the period, especially in the 
group which showed the greatest attack. (See footnote b, table 6.) 

16. Sodium chloride, 5-percent, in 0.001 N hydrochloric acid. All 
the flasks were so slightly attacked by this reagent that they were 
used again with the next one. This is the only instance in which any 
flasks were used for tests with more than one reagent. 
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17. Sodium chloride, 5-percent, buffered at pH 6.2. This solution 
contained, in addition to the sodium chloride, 10.85 g of Na 2 HP0 4 . 
12H 2 0 and 4.55 g of KH 2 P0 4 , in 1 liter. 

18. Sodium chloride, 5-percent, buffered at pH 7.0. In addition 
to the sodium chloride, the solution contained 19.0 g of Na 2 HP0 4 . 
12H 2 0 and 1.15 g of KH 2 P0 4 , in 1 liter. 

19. Sodium chloride, 5-percent, buffered at pH 7.7. The buffer- 
salt concentrations were 33 g of Na 2 HP0 4 .12H>0 and 0.25 g of 
KH 2 P0 4 , in 1 liter. 

20. Sodium chloride, 5-percent, buffered at pH 8.4. The buffer 
salt concentration was 33 g of Na 2 HP0 4 .12H 2 0, in 1 liter. 

21. Buffer solution, at pH 6.8, without sodium chloride. The 
solution contained 10.85 g of Na 2 HP0 4 .12H 2 0 and 4.55 g of KH 2 P0 4 , 
in 1 liter. The results may be compared with those of Nos. 17 and 18 
to show the marked effect of sodium chloride. 

22. Potassium chloride, 7-percent (70 g in 1 liter), buffered at 
pH 7.2. The buffer salt concentrations were 18.5 g of Na 2 HP0 4 . 
12H 2 0 and 1.15 g of KH 2 P0 4 , in 1 liter. This solution contained 
approximately the same molar concentrations of salts as No. 18 and 
was at nearly the same pH. The two sets of results show a marked 
difference between the effect of sodium and potassium chloride on 
the three glasses. 
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The resistance of the 250-ml flasks to mechanical shock was deter¬ 
mined 9 by the method currently used for determining the resistance 
of chinaware to chipping. Briefly, this consisted in placing a flask 
firmly between two cast-iron blocks forming a 90° V, and striking the 
flask at its maximum diameter with the tup of a pendulum of fixed 
length, swinging through arcs of increasing length until the glass 
broke. 10 After each impact, the flask was rotated slightly so that 
successive blows were delivered at different points on the glass. The 
energy (in ft-lb) required to break the glass was computed from the 
weight of the tup and the distance through which it swung. Vycor 
flasks were not included in these tests. 

The results obtained on 12 flasks of each kind are given in table 7, 
with the flasks arranged in order of increasing weight. The average 
results indicate significant differences in resistance to mechanical shock. 
In this respect the three wares fall in the order of their relative weights. 
However, there is a wide range in the individual values in each group, 
probably because of variations in thickness and in the amount of 
surface checking and scratching incident to handling. 


Table 7. —Resistance to mechanical shock 


Glasbake 

Kimble 

Pyrex 

Weight 

Impact 

energy 

Weight 

Impact 

energy 

Weight 

Impact 

energy 

9 

ft-lb 

9 

ft-lb 

9 

ft-lb 

79. 3 

0. 20 

57. 1 

0. 20 

74. 0 

0. 25 

81. 8 

. 30 

59. 2 

. 10 

74. 4 

. 25 

88. 1 

. 35 

59. 9 

. 15 

76. 2 

. 21 

89. 9 

•. 15 

60. 8 

. 14 

78. 9 

. 23 


. 50 

61. 3 

. 17 

79. 1 

. 20 

91. 2 

. 55 

62. 5 

. 15 

80. 0 

. 20 

91. 4 

. 65 

62. 6 

. 15 

81. 0 

. 20 


. 35 

63. 1 

. 10 

82. 2 

. 30 

94. 1 

. 50 

63. 1 

. 22 

83. 0 

. 32 

95. 2 

. 40 

63. 6 

. 13 

83. 2 

. 45 

95. 3 

. 60 

66. 3 

. 15 

83. 3 

. 45 

96. 5 

. 40 

66. 7 

. 14 

85. 0 

. 45 

Avg__ 90. 6 

. 44 

62. 2 

. 15 

80. 0 

. 29 


• Abnormal result. The break occurred at 1 of the rx>ints of support, rather than at the point of impact, 
rnls result was rejected in computing the average. 

VI. RESISTANCE TO THERMAL SHOCK 

Resistance to thermal shock was determined 11 by slowly heating a 
flask, containing 100 ml of a high-flash mineral oil, on a hot plate to a 
selected te mperature, and then quickly immersing it to the neck in 

•These tests were made by Donald Hubbard. 

At, o . description of the apparatus used and its method of application Is Riven in section F-3a and 

fi V™ 1 Specification M-C-301 for “Chinaware; Vitrified.” (Superintendent of Documents, Wash- 
.» SS; Pnec, 10 cents.) 

11 l hese tests were made by Donald Hubbard. 
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^ ater - tha flask did not break, it was heated to a higher tem¬ 
perature and again suddenly chilled. This was repeated with incre- 

tha^tbf n 5 ° Un K th , e . flask cracke d. Early in the tests it was noted 

had been carefiflly removed from their wrappings and tested directlv 

f or flasks which tad been handled somewhat, in about the 

oom shelf until it has been cleaned and otherwise made ready for its 
rst service m the laboratory. This handling involved relatively 
gentle contact of the flasks with one another and with the laboratory 

Slight to be visible. Accordingly, tests were made of two groups of 18 

asks of each brand (except Vycor). One group was tested directly 

removed from the shipping containers and the other after the 

normal handling already described. The results are given in table 8. 

the results obtained with group A, flasks taken directly from their 

shipping containers, are probably of less significance than the others, 

since they represent ware m a condition which cannot be maintained 

in service, and since they may reflect differences in the care with 

which the flasks were packed for shipment. On the other hand, the 

results of group B cannot be safely regarded as representing the 

average condition of ware in service, since no attempt was made to 

learn whether the average breakmg temperature decreased with pro¬ 
longed or rougher handling. 


Table 8. —Resistance to thermal shock 


Number of breaks 


Temperature 


Glasbake 


Group A 


Group B 


175 

200 

225 

250 

275 

300 

325 


0 

3 

3 

4 

5 
3 


Kimble 


Pyrex 


Group A Group B I Group A I Group B 


Average breaking tem 
perature_ 


253 


1 

4 
6 

5 
2 


0 

2 

6 

7 

3 


• 5 

7 

2 

2 

2 


230 


240 


210 


0 

0 

0 

2 

3 

10 

3 


294 


0 

0 

4 

6 

2 

4 

2 


267 


» The relatively large number of this group which broke at 175° suggested that a lower starting tempera¬ 
ture should have been used. Accordingly, another set of 18 flasks was tested under the same conditions 
except with a starting temperature of 125° C. None of this group broke at 125° or 150°, and the average 
breaking temperature was 238° C. 


Vycor ware was not included in these tests. Its very great re¬ 
sistance to thermal shock was demonstrated by heating a flask to 
redness and cooling it under a water tap, without its breaking. 

Washington, April 4, 1941. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
PRASEODYMIUM, NEODYMIUM, AND SAMARIUM 


By Clement J. Rodden 


abstract 

Praseodymium, neodymium, and samarium, in nitrate solutions, have been 
determined by measuring the transmittancies of the solutions with a double¬ 
monochromator photoelectric spectrophotometer. 

Spectral transmittancy curves from 350 to 1,000 m/z were obtained for lan¬ 
thanum, cerium, praseodj'mium, neodymium, samarium, europium, and gado¬ 
linium. The absorption band found to be most suitable for the determination of 
praseodymium was at 446 m/z; for neodymium, the bands at 521 and 798 inl¬ 
and for samarium, 402 m/z. Lanthanum, cerium, and gadolinium show negligible 
absorption between 400 and 1,000 m/z. Europium shows a small absorption band 
at 396 m/z. 

Transmittancy-concentration curves were obtained for the individual elements 
in concentrations ranging from 0.25 to 25 mg/ml. These curves show that for 
concentrations up to 10 mg/ml, solutions of neodymium follow Beer’s law, while 
in concentrations greater than 10 mg/ml this law'does not hold. Praseodymium 
and samarium solutions do not follow Beer’s law under the conditions used. 

Approximately 1 mg of praseodymium per 6 ml can be detected. The sensitivity 
of the neodymium test depends on the band used; 1.5 mg can be detected by using 
the 521 m/z band and 0.5 mg by using the 798 m/z band. The test for samarium 
is less sensitive than for the other two elements, 3 mg being the minimum detected. 

Mixtures of the three elements were analyzed and also mixtures of each of the 
three elements with lanthanum. The mixtures varied from one containing 5.0 
mg of neodymium and 200 mg of lanthanum, to one consisting of 75 mg of sama¬ 
rium, 75 mg of praseodymium, and 50 mg of neodymium. A weight of mixed 
oxides corresponding to approximately 200 mg of rare earth elements was used 
for each analysis. The accuracy obtained was of the order of ±3 mg. 

A method is given for correcting the slight interference of each element in a 
mixture, and a procedure is outlined for the analysis of a mixture of the cerium 
group of elements obtained during the course of a mineral analysis. 
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I. INTRODUCTION 

The term “rare earth metals” is used to designate the elements 
cerium, praseodymium, neodymium, 61, samarium, europium, gado¬ 
linium, terbium, dysprosium, holmium, erbium, thulium, ytterbium, 
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and lutecium, which have the atomic numbers 58 to 71, and which 
are usually grouped with lanthanum in the periodic table. In most 
analytica 1 work however scandium (at. No. 21), yttrium (at. No. 
39), lanthanum (at. No. 57), and sometimes thorium (at. No. 90) are 

included with the rare earth metals, because they resemble the rare 
earths in many of their properties. 

Because the rare earths are very similar in their chemical and their 
physical properties, the means of separating them are very limited, 
lhe analyst can separate scandium, cerium, and thorium from the 
others in the group. He can make use of the relative insolubility of 
the double alkali sulfates of lanthanum, cerium, praseodymium, 
neodymium, samarium, europium, and gadolinium in a saturated 
solution of potassium or sodium sulfate to separate these elements 
(the cerium group) from the remainder (the yttrium group). 1 In 
this way it is possible to obtain elements near the extreme ends of the 

solubility seiies free from one another, but the division between the 
groups is not sharp. 

The salts of most of the rare earth metals are colored and their 
solutions show characteristic sharp absorption bands in the visible 
and ultraviolet region of the spectrum. 2 The possibility of using these 
absorption bands as a means of determining the respective elements 
in mixtures has been recognized for a considerable time. Four differ¬ 
ent methods have been used for the estimation of the rare earths by 
means of their absorption spectra. In the oldest method, which is 
based on the Nessler principle, the test solution is diluted until, with a 
direct-vision spectroscope, the absorption intensities of suitable 
bands appear to equal those of a standard solution placed in juxta¬ 
position. 3 This method has been used chiefly to determine impurities 
in so-called pure salts of the rare earths. Friend and Hall 4 used a 
modification of this method and stated that, “Whilst it is apparently 
impossible to determine directly with an approach to accuracy the 
amount of praseodymium nitrate in the presence of neodymium 
nitrate, the latter can readily be estimated in presence of up to 50% 
of the former in 4% solution.” 

The second method is based on finding the dilution necessary for 
the disappearance of characteristic absorption bands. Haas 6 de¬ 
termined the concentration of neodymium and of praseodymium in 
mixtures from the absorption spectra of the nitrates, by diluting the 
solutions until the neodymium band at 521 m/i (green region) could 
no longer be seen. The band at 480 m n (violet region) was used for 
the determination of praseod3 r mium. It was found that lanthanum 
did not interfere. Schumacher 6 determined praseodymium and 
neodymium in a samarium preparation by the same method. Yn- 
tema 7 suggested photographic recording in a similar method. 

The third method is that of Delauney, 8 who plotted curves to show 
the relationship between the widths of the chief absorption bands in 
the visible spectrum and the lengths of the absorption tube. The 
widths of the bands obtained with solutions of known composition 
were compared with those of unknown composition, and on the 

> W. F. Hillebrand and G. E. F. Lundell, Applied Inorganic Analysis, p. 437 (John Wiley <fc Sons, New 
Vork, N. Y., 1929). 

8 W. Prandtl and K. Scheiner, Z. anorg. allgem. Chem. 229, 107 (1934). 

8 B. Brauner, Chem. News 77, 161 (1898). 

« J. N. Friend and D. A. Hall, Analyst 65, 144 (1940). 

• Haas, Beitr. Kenntnis Pru. Nd. Dissert. Berlin 47, 51, 54 (1920). 

• G. Schumacher, Z. Kenntnis Samarium. Dissert. Berlin 14 (1921). 

7 L. F. Yntema, J. Am. Chem. Soc. 45,907 (1923). 

• E. Delauney, Compt. rend. 185 , 354 (1927). 
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assumption that Beer’s law applies, the concentrations of the salts 
giving bands of equal width were calculated from the inverse ratio 
of the lengths of the absorption tube. A photographic method of 
recording was used. 

The fourth method is based on the use of the spectrophotometer 
and was used initially by Muthmann and Stutzel. 9 Praseodymium 
and neodymium in mixtures were determined by using a visual 
spectrophotometer. The band at 521 m/x was employed for neody¬ 
mium and the one at 480 m/x for praseodymium. The band at 480 
m/x, however, is materially affected by neodymium and samarium, 
and therefore the results are somewhat in error. Partridge and 
Rodden 10 used filters of colored glass and gelatin to isolate certain 
bands corresponding to the absorption regions of neodymium, praseo¬ 
dymium, and samarium. A photoelectric means of recording was 
used. Though neodymium could be determined in mixtures of 
praseodymium and neodymium, the determinations of praseodymium 
and samarium in mixtures were not satisfactory. O. S. Plan+inga 11 
showed that neodymium could be determined in a mixture of praseo¬ 
dymium and neodymium by using a filter photometer with a pho- 
tronic cell as the measuring device. In this procedure, 0.015 g of 
neodymium could be detected, and the deviation from the true value 
in most cases was of the order of 1 percent in equimolar mixtures 
containing up to 0.24 mole per liter of each ion. The measurements 
were affected by salts other than those of rare earths, and by the 
acidity. 

In preliminary experiments in this laboratory with a filter photom¬ 
eter, 12 an attempt was made to isolate certain narrow bands by 
using solutions of rare earth salts as w'ell as glasses containing rare 
earth oxides. The results were unsatisfactory and indicated the 
necessity of using some type of spectrophotometer. In the work 
reported in the present paper a spectrophotometer 13 was used to 
determine spectral transmittancy curves of lanthanum, cerium, 
praseodymium, neodymium, samarium, europium, and gadolinium. 
Transmittancy-concentration curves for praseodymium, neodymium, 
and samarium were obtained. From these measurements it was 
possible to determine praseodymium, neodymium and samarium in 
mixtures of the three, together with lanthanum. Similar measure¬ 
ments have been made on the yttrium group of elements, and the 
results will be reported in a subsequent publication. 

II. EXPERIMENTAL 

1. APPARATUS 

A Coleman double-monochromator spectrophotometer, model 10 S 
was used, equipped with a slit stated by the manufacturer to select 
a spectral region of 5 m/x. In this instrument the source of radiant 
energy is a line-coiled filament energized by a 4-cell lead storage 

• W. Muthmann and L. Stdtzel, Ber. deut. chem. Qes. St, 2653 (1899). 

>« H. M. Partridge and C. J. Rodden. Abstracts of the Indianapolis meeting of the American Chemical 
Society, (March 1931). 

n O. 8. Plantinga, A Study of the Colorimetric Determination of Neodymium. Dissertation, New York 
University (1934). 

B. A. Brice, Rev. Sci. Instr. 8,279 (1937). 

11 The cost of a spectrophotometer has, prior to the recent introduction of certain moderately priced photo¬ 
electric spectrophotometers, generally precluded its use in the analytical laboratory. 
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battery of lugli capacity. The source remains substantially constant 
during the tune required for the desired test. The radiant energy 
passes first through a diffraction grating attached to a condensing 
lens and next through a slit. The nearly homogeneous energy from 
that slit passes through a right-angled prism to which is attached a 
second diffraction grating which disperses the stray energy. A 
narrow exit sht then isolates the 5-m/z band of energy used in the 
measurements. This band can be selected anywhere in the range 
from 350 to 1,000 m/x. The homogeneous energy then passes through 
tlie absorption cell to a cesium oxide photocell. Absorption cells of 
two types were used: (1) Cylindrical cells of approximately 17 mm 
internal diameter which required 8 to 10 ml of solution; and (2) 
square cells with 13.08 mm between faces which required 5 to 6 ml of 
solution. B batteries supply the potential for the photocell. A dark 
current compensator is built into the spectrophotometer. A Cole¬ 
man electrometer, type 3E, was used in conjunction with the spectro¬ 
photometer to measure the transmittancy (T ) 14 of the solution. 

The wavelength scale of the instrument was calibrated from 400 to 
750 m/z, by means of rare earth glasses. 16 

2. MATERIALS 

Lanthanum. The lanthanum oxide was of unknown origin. Its 
emission spectrum 16 showed arsenic, in the order of 0.1 percent, as 
well as barium, calcium, and magnesium in the order of 0.01 percent. 
No other rare earth was detected. After ignition of the oxide at 
1,100° C, an amount equivalent to 2.5 g of lanthanum was dissolved 
in nitric acid, the solution was evaporated to dryness on the steam 
bath, and the residue was dissolved in water and diluted to 100 ml in 
a volumetric flask. Other solutions of lanthanum were prepared 
from this solution by diluting with water. 

Cerium. —The cerium nitrate used was prepared from the oxide 
obtained from one of the supply houses. The oxide contained 1.7 
percent of impurities, which were chiefly thorium, chromium, and 
aluminum. No rare earths were detected. The cerium oxide was 
converted to sulfate, precipitated with ammonia, and, after washing, 
was dissolved in nitric acid. Water was then added and the solution 
evaporated to dryness and made up to 0.0231 g of cerium per milliliter 
with water. 

Praseodymium. —The praseodymium oxide was obtained from the 
Charles James collection. Its emission spectrum showed faint traces 
of calcium, iron, magnesium, and silicon. The amount of lanthanum 
was estimated to be less than 1.0 percent and that of yttrium and 
cerium less than 0.01 percent each. No other rare earths were 
detected. The praseodymium oxide was ignited at 900° C, and an 
amount necessary to give 2.5 g of praseodymium, on the basis of 
Pr 6 O n , 17 was dissolved in nitric acid and treated like the lanthanum 
preparation. 

14 The transmittancy Is defined as the ratio of the transmission of a cell containing solution to that of an 
identical cell containing distilled water. 

i* Acknowledgment is made to H. J. Keegan, of the Photometry and Colorimetry Section of this Bureau, 
for the transmission measurements of these glasses, made on the General Electric recording spectrophoto¬ 
meter. 

18 Acknowledgment Is made to B. F. Scribner and H. R. Mullin, of this Bureau, for emission-spectrum 
analyses of the salts used. 

1T P. H. M-P. Brinton and H. A. Pagel, J. Am. Chem. Soc. 45, 1460 (1923). 
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Neodymium. —The neodymium material was purified by the author 
by crystallization of the double magnesium nitrate. The emission 
spectrum of the oxide showed less than 0.01 percent each of calcium, 
magnesium, and silicon. No other rare earth was detected. A solu¬ 
tion containing 0.025 g of neodymium per milliliter was prepared in 
the way described under lanthanum. 

Samarium. —The samarium oxide was obtained from the Charles 
James collection and showed calcium, iron, magnesium, and silicon 
in amounts less than 0.01 percent each. Europium was present, but 
in amount less than 0.01 percent. A solution of 0.025 g of samarium 
per milliliter was prepared as described for lanthanum. 

Europium. —The europium oxide was obtained from the Charles 
James collection. Its emission spectrum showed the presence of 
gadolinium and samarium in the order of 0.1 percent each. A solu¬ 
tion containing 0.0182 g of europium per milliliter was prepared in the 
way described under lanthanum. 

Gadolinium. —The gadolinium oxide was obtained from the Charles 
James collection. Its emission spectrum showed the presence of 
europium as a major constituent. No other rare earths were detected. 
A solution containing 0.025 g of gadolinium (Gd + Eu) per milliliter 
was prepared in the way described under lanthanum. 

From these master solutions, mixtures which contained different 
amounts of the several elements were prepared. 

3. TRANSMITTANCY MEASUREMENTS 

Spectral transmittancy (ST) curves for lanthanum, cerium, praseo¬ 
dymium, neodymium, samarium, europium, and gadolinium nitrate 



350 450 550 650 750 850 950 

WAVELENGTH-MILLIMICRONS 

Figure 1.— Spectral-transmittancy curve of lanthanum nitrate solution containing 

0.25 g of lanthanum per 10 ml. 

Cylindrical cells employed. 


solutions are shown in figures 1, 2, 3, 4, 5, 6, and 7. For all but 
lanthanum, cerium, and gadolinium, readings were made at intervals 
of 10 m/x, except where intense absorption bands occurred, in which 
case 1- to 2-m/x steps were used in order to obtain the transmittancy 
and wavelength at minimum transmittancy. Readings obtained for 
lanthanum, cerium, and gadolinium were made at the wavelengths 
indicated in the figures. The ST curve for a mixture of praseody¬ 
mium, neodymium, and samarium is shown in figure 8. 

315285-41-7 



( Vol. 16 


562 


Figure 


Figure 


Figure 4. 


Journal of Research of the National Bureau of Standards 



2. Spectral-transmittancy curve of cerium nitrate solution containing 0.231 

g of cerium per 10 ml. 

Square cells employed. 



.— Spectral-transmittancy curve of praseodymium nitrate solution contain¬ 
ing 0.25 g of praseodymium per 10 ml. 

Cylindrical cells employed. 



— Spectral-transmittancy curve of neodymium nitrate solution containing 

0.26 g of neodymium per 10 ml. 

Cylindrical cells employed. 
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Figure 5. 


Figure 6. 


Figure 7 
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Spectral-transmittancy curve of samarium nitrate solution containing 

0.25 g of samarium per 10 ml. 

Cylindrical cells employed. 
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950 


Spectral-transmittancy curve of europium nitrate solution containing 

0.182 g of europium per 10 ml. 


Square cells employed. 




350 4 50 550 6 5 0 7 50 850 950 

WAVELENGTH-MILLIMICRONS 


.— Spectral-transmittancy curve of gadolinium nitrate solution containing 

0.26 g of gadolinium per 10 ml. 


Square cells employed. 
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Cylindrical cells employed. 

mq nf nC ° d / mi T and sama f ium interfere with the use of the band at 
S® 9 ™*!’ ?? d n e °dyrruum with the one at 590 m M . As can be seen in 
gure 5, the band at 446 m/z is affected somewhat by samarium. 



Figure 9.— Transmittancy-concentration curves of praseodymium nitrate solutions 

at 446 mu. 

A, Values obtained using square cells. 

0» Values obtained using cylindrical cells. 


The bands of neodymium nitrate at 521, 742, 798, and 870 mp are, 
fortunately, free from interference by praseodymium or samarium! 
These bands differ considerably in amount of absorption, the one at 

798 niAt absorbing the most strongly and therefore yielding the most 
sensitive test procedure. 
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The absorption band of samarium nitrate at 402 m/z is the only one 
which can be used for this element, because the absorption at 949 m/z 
is rather low and praseodymium and neodymium interfere at 479 m/z. 
The bands of samarium show less absorption than the other elements 
of the cerium group except europium, hence, samarium can be deter¬ 
mined less precisely than neodymium and praseodymium. 

Transmittancy-concentration curves for praseodymium, neodym¬ 
ium, and samarium were obtained with both square and cylindrical 
colls. 

The transmittancies of praseodymium nitrate solutions were 
obtained at 402, 446, and 521 m/z, at concentrations ranging from 
0.0125 to 0.25 g of praseodymium per 10 ml. (This material may have 
as high as 1 percent of lanthanum.) The results for the band at 446 



Figure 10. — Transmittancy-concentration curves of neodymium nitrate solutions a 

the wavelengths indicated. 

A, Values obtained using square cells at 521 m*i. 

O. Values obtained using cylindrical cells at 521 mu. 

□, Values obtained using cylindrical cells at 578 m>i. 

#, Values obtained using cylindrical cells at 798 mu. 

m/z are shown in figure 9. The deviation from Beer’s law in this 
case is evident. The results at 402 m/z are shown in figure 12 on an 
enlarged linear scale. The effect of praseodymium at 521 m/z is also 
indicated in this figure. 

Transmittancy-concentration curves for amounts of neodymium 
ranging from 0.0025 to 0.25 g per 10 ml are shown in figure 10 for the 
521, 578, and 798 m/z bands of neodymium nitrate. Beer’s law holds 
closely for the 521, 578, and 798 m/z bands in concentrations up to 
0.10 g per 10 ml. There is a slight deviation from Beer’s law for the 
band at 521 m/z when the concentration increases to 0.25 g per 10 ml. 
The values at 402 and 446 m/z are shown on an enlarged linear scale 
in figure 12. 

The transmittancy-concentration curves of samarium nitrate for 
the band at 402 m/z, for concentrations ranging from 0.025 to 0.25 g of 
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sam a rium p er 10 ml, is shown in figure 11 
446 and 521 nip are shown in figure 12. 


The transmittancies at 


Figure 



concentration-grams per io ml 


11 . Transmittancy-concentration curves of samarium nitrate solution at 

402 mu. 

A, Values obtained using square cells. 

O, Values obtained using cylindrical cells. 


The transmittancy-concentration curves show that the amount of 
each rare earth element in a solution for analysis should not exceed 



Figure 12. — Transmittancy-concentration curves of samarium , neodymium } and 
praseodymium nitrate solutions at the wavelengths indicated , using square cells. 

approximately 0.20 g per 10 ml. This is about the maximum which 
can effectively be used, especially in the case of samarium, concentra- 
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tions of which greater than 0.20 g per 10 ml in the square cells change 
the transmittancy but slightly. 

It will be noted from figure 12 that the presence of other rare earths 
will affect the transmittancy measurement of each element in question 
to a certain extent, and that the 446 m/z band, which is used for the 
praseodymium determination, may be thus affected to the greatest 
extent. It is possible, how'ever, to correct for the effect of these differ¬ 
ent elements, as wfill be shown later. The effect of lanthanum on 
small amounts of other rare earths in the cerium group was studied to 
see if any noticeable wavelength shift in bands W’as observed, as was 
reported by Quill, Selwood, and Hopkins. 18 In the concentrations 
used, the shift of the bands, if present, w as not sufficient to affect the 
results. Figure 8 show's that no noticeable shift in the wavelengths of 
minimum transmittancy of the bands w r as observed in a mixture of 
praseodymium, neodymium, and samarium. 

III. RESULTS OBTAINED 

A tabulation of the data obtained with a mixture of 0.075 g of 
samarium, 0.075 g of praseodymium, and 0.050 g of neodymium in a 
volume of 10 ml in square cells is shown in table 1. 


Table 1 .—Illustration of the data obtained in the analysis of a solution of samarium , 

praseodymium , and neodymium 


1 

2 

3 

4 

6 

6 

7 

8 

Element 

Wave¬ 

length 

Apparent 

transmit¬ 

tancy 

Transmit¬ 
tancy of Pr 
at wavelength 
of col. 2, 
excluding 446 

Transmit¬ 
tancy of Nd 

at wavelength 
of col. 2, 
excluding 521 

Transmit¬ 
tancy of Sm 
at wavelength 
of col. 2, 
excluding 402 

Corrected 
transmit¬ 
tancy of 
element listed 
In col. 1. Col. 
3+4X5X6 

Amount of 
element 

Present 

Found 

Sm 

771/1 

402 

446 

521 

Percent 

82.4 
53.6 

80.4 

Percent 

99. 7 

Percent 

99.8 

99.6 

Percent 

Percent 

82.8 

54.7 

80.5 

0 

0.075 
.075 
.050 

Q 

0. 075 
.076 
.052 

Pr 

98.5 

100.0 

Nd 

99.9 




The transmittancy of the solution at 402, 446, and 521 m/z is 
entered under column 3. From the transmittancy-concentration 
curves 19 of samarium, praseodymium, and neodymium, as given in 
ligures 11, 9, and 10, it is noted that the apparent transmittancy given 
in column 3 corresponds to approximately 0.079 g of samarium, 0.080 
g of praseodymium, and 0.054 g of neodymium per 10 ml. From 
figure 12, w r hich show r s the transmittancy due to samarium, prase¬ 
odymium, and neodymium at the various wavelengths, are obtained 
the values which are entered in columns 4, 5, and 6. The transmit¬ 
tancy due to the element in question is then found by dividing the 
values in column 3 by the product of the values in columns 4, 5, and 6. 
This value is entered in column 7. From the transmittancy-concen¬ 
tration curves of figures 9, 10, and 11, the concentrations of the various 
elements are found and listed in column 8. 

11 L. L. Quill, P. W r . Selwood, and B. S. Hopkins, J. Am. Chem. Soc. 50, 2929 (1928). 

i» Since the transmittancy curves may vary importantly with slit-width and cell thickness, analysts should 
not use the data in this paper but should obtain their own standard curves. 
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Concentration 


Mixture 


Samarium. _ 
Neodymium 


Samarium.. 
Neodymium 


Neodymium... 

Praseodymium 


Neodymium... 

Praseodymium 


Neodymium. 

Praseodymium 

Samarium. 


Lanthanum_ 

Praseodymium 


Lanthanum 

Samarium 


Lanthanum. 

Neodymium 


Amount 

present 


g/10 ml 
0.025 
. 200 

.200 

.025 

. 150 
.025 

.025 
. 150 

.050 

.075 

.075 

.200 

.005 

.200 

.010 

.200 

.005 


Amount found 


Cylindrical cells Square cells 


g/10 ml 

0. 025 
.202 

.200 

.020 

. 150 
.025 

.028 
. 151 

.051 

.075 

.074 

Not determined 

.005 

Not determined 

.010 

Not determined 

.006 


g/10 ml 
0.025 
.198 

. 199 
.026 

.150 

.026 

.030 
. 1.53 

.052 

.076 

.075 


.005 


.012 


.006 


IV. DISCUSSION 


nthanum, cerium, and gadolinium all show the same type of 

general absorption” (1-T) from 350 to 450 m/z. Extremely fine 

particles of dust, filter-paper fibers, and the like, which scatter the 

light at short wavelengths, may be the cause of this effect. It is 

recommended that all solutions used be centrifuged to remove as 

many particles as possible before transmittancy measurements are 
made. 

The variation in reading transmittancy is seldom greater than 
±0.2 unit on a scale of 100.0 units. The reproducibility of the wave¬ 
length setting is illustrated by the following data obtained for a solu¬ 
tion of neodymium. Each reading represents a separate setting of 
the wavelength scale. 


Wavelength 

setting 


Percent transmittancy 
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The data in table 2 show that deviations greater than ±3 mg are 
usually not obtained. 

The presence of 2 mg of praseodymium can be detected when the 
cylindrical cells are used and 1 mg with the square cells. The sensi¬ 
tivity of the neodymium test depends on the band chosen; 0.5 mg in 
6 mfcan be detected at 798 m/z. When the 521 m/z band is used, 1.5 
mg of neodymium can be detected. Samarium does not give a very 
sensitive test, 3 mg of it in a volume of 6 ml being the smallest amount 
of this element which can be detected. 

Europium, whose nitrate ST curve is shown in figure 6, seriously 
affects the determination of samarium. However, the amount of 
europium can be determined by reduction and subsequent oxida¬ 
tion. 20 The transmittancy indicated for samarium could then be 
corrected for the interference of europium by means of a transmit- 
tancy-concentration curve of europium. Gadolinium, whose nitrate 
ST curve is shown in figure 7, has no bands from 350 to 1,000 m/x, but 
has a slight absorption similar to that of lanthanum near 350 m /x. 
The ST curve of cerium nitrate is shown in figure 2 to indicate the 
effect of this element. 

The applications of this spectrophotometric method in rare earth 
chemistry are many. The use of certain rare earths in the ceramic 
industry has introduced the problem of determining neodymium. 
As sucli mixtures are usually confined to members of the cerium 
group, a determination of neodymium can be readity made. The 
application of the method in following fractional crystallizations 
during the separation of rare earths is noteworthy. Impurities may 
be determined in so-called pure rare earth salts. 

In a mineral analysis, the group consisting of lanthanum, cerium 
praseodymium, neodymium, samarium, europium, and gadolinium 
can be separated from the other group, but, as stated in the introduc¬ 
tion, the separation is not sharp. However, by adding sodium sulfate 
until the neodymium absorption bands disappear it will be found that 
practically all of the cerium group is removed, contaminated some¬ 
what by small amounts of some of the elements of the yttrium group. 
In the usual method of mineral analysis the cerium group is separated 
from the yttrium group, and cerium then determined by oxidation 
and titration. 21 Cerium is reported as Ce 2 0 3 and the remainder of 
the cerium group as mixed oxides of the form R 2 0 3 . The total sum¬ 
mation of the analysis of the mineral is then somewhat in error, as 
praseodymium forms a higher oxide whose composition in mixtures 
is unknown (see footnote 17). 

The following procedure is suggested for the analysis of the cerium 
group. The rare earths are separated first from other elements by 
some standard procedure. The cerium group is then separated from 
the yttrium group as the sodium double sulfates. Cerium is sepa¬ 
rated from the other elements of the cerium group 22 and determined 
by oxidation and titration. As the lanthanum is determined by 
difference, it is necessary to treat the rare earth oxide mixture with 
hydrogen at 900° C to convert the black oxide of praseodymium to 

H. N. McCoy, J. Am. Chem. Soc. 58, 1577 (1936). 

11 5,', H - Dillard and P. Young, J. Am. Chem. Soc. 50, 1379 (1928). 

*lvF • au *.° r this can be done quite satisfactorily by precipitating cerium as c(yie hydroxide 

with zinc oxide. T he bulk of the zinc is then separated from the rare eartns by precipitating the rare earth 
hydroxides with a large excess of ammonia. The small amount of zinc which remains with the rare earths 
Is removed by means of hydrogen sulfide in 0.01 N sulfuric acid. The rare earths are then precipitated with 
oxalic acid and the oxalates ignited to the oxides. This procedure will be published in a subsequent paper. 
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Pr 2 0 3 . The mixed oxides are then weighed. (Cerium is removed 
before the treatment with hydrogen, since it is very difficult to reduce 
all of the Ce0 2 to Ce 2 0 3 .) If necessary, europium is determined by 
the method of McCoy (see footnote 20), but it occurs in such small 
amounts in minerals that its presence can ordinarily be neglected. 
The mixed oxides, consisting chiefly of lanthanum, praseodymium, 

0 0 . . M ^ are converted to nitrates by dissolving 

m nitric acid and evaporating to dryness on a steam bath. The 
nitrates are dissolved in water and diluted to a known volume. The 
solution is now centrifuged to remove dust particles. Praseodymium, 
neodymium, and samarium are then determined by measuring their 
transmittancies at the proper wavelengths. The equivalent amounts 
of the several rare earths are calculated, as described in section III, 
from transmittancy-concentration curves constructed from trans- 
mittancy measurements on solutions prepared from salts of highpurity. 
Lanthanum is obtained by difference. Gadolinium has no absorption 

m the visible region of the spectrum and will be included in the 
lanthanum value. 

Washington, November 20, 1940. 
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CRITICAL STUDY OF THE DETERMINATION OF CARBON 
MONOXIDE BY COMBUSTION OVER PLATINUM IN THE 
PRESENCE OF EXCESS OXYGEN 

By Joseph R. Branham, Martin Shepherd, and Shuford Schuhmann 


abstract 

This is one of a series of papers reporting direct measurements of the funda¬ 
mental accuracy of methods of gas analysis. 

Carbon monoxide of known purity was analyzed by the slow-combustion 
method. The contraction after burning, the carbon dioxide produced, and the 
oxygen consumed were measured. Apparatus with and without rubber connec¬ 
tions were used. The distinct effect of the amount of liquid water within the 
combustion pipette and burette was measured. Analyses were performed with 
all gases dry. as well as saturated with respect to water vapor. The stoichiometric 
relationship representing ideal physical and chemical conditions is 2 CO +O a —> 
2 COj + TC (where TC = total contraction after burning); the observed relation- 
shin, representing average laboratory practice by the customary method and 
with the usual apparatus, was 2 CO± 1.001 O a —>1.986 CO a +1.014 TC. The 
purity of the carbon monoxide, expressed as percentage by volume, was known 
to be higher than 99.99. The purity determined by analysis varied from 99.13 
to 101 74 depending on the measurement selected for calculation. Best results 
were obtained by computing CO from TC + CO a ; the purity so indicated was 
100.01 ±0.04. The differences between the observed relationships and 
the stoichiometric ones were essentially accounted for experimentally and 
theoretically. 
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I. INTRODUCTION 

One of the principal and best methods employed for the determina¬ 
tion oi carbon monoxide is combustion over hot platinum in the 
presence of excess oxygen—the so-called slow combustion method, 
ihe reproducibility of this method has long been known, even though 
infrequently disclosed. The fundamental accuracy of the method lias 
not been previously known. This accuracy was measured by the 
simple, direct procedure of preparing carbon monoxide of high purity 
measuring its purity by a method far more sensitive and accurate than 
the analytical method to be studied, and then analyzing this known 
substance by the method under investigation to observe the deviation 
from known fact. In addition, an explanation of this deviation has 
been experimentally and theoretically worked out. 

II. CARBON MONOXIDE USED FOR ANALYSIS 

1. PREPARATION 

The carbon monoxide for this investigation was prepared by the 
reaction of phosphoric acid with formic acid, and was purified by 
fractional distillation at low temperatures in a rectifying column. 

The generator used is illustrated schematically in figure 1. The 
various glass parts were fused directly together, or connected by 
ground glass joints sealed with a thermoplastic cement or a high- 
vacuum lubricant. The parts comprising the generator are: 

A, leveling bulb containing mercury, connected by rubber nitrom¬ 
eter tubing to B. 

By reservoir containing a small amount of formic acid over mercury. 

Cy drop counter. 

D and E } generating flasks containing 85 percent phosphoric acid. 

Fy condenser for excess water. 

Gy absorber filled with Ascarite. 

Hy condenser, with filter, immersed in liquid air. 

Iy Jy and Ky barometric mercury seals. 

The stopcocks are numbered. 

Since the reagents employed may be expected to yield dissolved air, 
and particularly nitrogen whose removal from carbon monoxide 
would be difficult if not impossible, the procedure was planned to 
remove dissolved gases prior to generating the carbon monoxide. 

The following steps were taken: 

1. The apparatus to the left of cock 5 was evacuated through cock 
4 to a pressure slightly above that of the vapor pressure of the formic 
acid. 

2. The apparatus was filled to cock 3 with carbon dioxide through 
cock 1. This carbon dioxide was taken from a commercial cylinder 
which was about half full. Analysis of large samples of the gas in¬ 
dicated freedom from any significant amount of air. 

3. The apparatus was evacuated and refilled with carbon dioxide 
four times. 

4. After the fourth filling, carbon dioxide was passed for 48 hours 

through the apparatus to the outside, through the lower outlet of cock i 

3. The inlets of D and E terminated in bubbler tips of the Branham - 
Sperling type [l], 1 which insured intimate contact between the carbon 

1 Figures in brackets indicate the literature references at the end of this paper. 
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dioxide and acid, and further displacement of dissolved gases not 

already removed by the previous steps. 

5. The phosphoric acid in both D and E was heated to 150 C, and 
then formic acid was admitted dropwise to D. The rate of flow of 
formic acid was adjusted by admitting mercury from A through the 
control cock, 6. The generation of carbon monoxide was immediate, 
and this gas was at first allowed to escape through the barometric 
seals, and then to fill the absorber, G , and escape through the seal, K. 

6. While the reaction thus proceeded, the apparatus was thrice 
evacuated and refilled with the generated gas. Thereafter, the gas 
produced was allowed to escape through seal, K, for 2 hours. 

7. The apparatus to the right of cock 5, of which only a condenser 
is shown [2], was the one used in this laboratory to purify gases by 



Figure 1. —Flow diagram of apparatus for generating carbon monoxide. 


fractional distillation, and to determine purity by measuring the dif¬ 
ference between the saturation pressures of an initial condensate and 
a final residue obtained by distillation. This apparatus was evacuated 
to maintain a pressure of -<0.0001 mm Hg. 

8. After the above operations were concluded, the carbon mon¬ 
oxide was passed through the condenser, H, and from there to evac¬ 
uated receivers. The rate of flow into these receivers was adjusted 
so that the pressure in H kept the carbon monoxide at the point of 
incipient liquefaction. About 70 liters of gas was collected, during 
which time several milliliters of condensate was deposited in H. 
This step would partially remove higher boiling gases if any such were 
present and had escaped the Ascarite. 

9. The gas collected in the receivers was then liquefied in the boiling 
pot of a rectifying column of the purification apparatus, and distilled 
at the rate of approximately 6 liters (gas) per hour under equilibrium 
conditions at —190° C. The first 25 liters of gaseous distillate was 
discarded, the apparatus was then thoroughly evacuated up to the 
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rectifier outlet, and the next 20 liters of gaseous distillate was collected 
for examination, the balance being discarded. (See methods described 

2. PURITY 

of dhfpront t iol 0f t ! ie d ! stillate so obtained was measured by the method 
il? i ! aturatlon P res , s ures previously reported [3J. In this 

that of a final residue, with no middle fraction included. The dis- 
tiflate and residue were obtained by rectification rather than by simple 

for 1 nfrri ?tj dlstd J a tiom These conditions impose the severest test 
tor purity of which this sensitive method is capable. The measure¬ 
ments are given in table 1. 

Table 1 . Measurements of the differential saturation pressure of the initial distillate 

and the final residue 


Measurement 


A p 


Temperature 


Zero reading of manometer both sides evac¬ 
uated and connected. 


Average 


mm Hg 
0.72 
.70 
.71 
.70 
.70 


-190.9 


0.71 ±0.01 


Reading of manometer with initial distillate 
in left bulb and final residue in right bulb_ 


Average 


0. 70 
.72 
.74 
.72 

.74 

.73 

.71 

.71 

.70 

.72 

.72 


-190.9 


-190.8 


0. 72 ±0.01 


Zero reading of manometer repeated 


Average 


0.72 

.72 

.72 

.72 


-190.6 


0.72 


It will be seen that no significant difference exists between the 
saturation pressures of the initial distillate and the final residue. 
Within the limit of sensitivity of the test, the carbon monoxide used 
in this investigation was pure. 

The sensitivity of the test for this particular case may be estimated 
from the formula 

^^Pb^Va 0 ’ 

where Ax B is the difference in purity between the initial distillate and 
final residue, expressed as the mole fraction of the impurity B; p B ° and 
p A ° are, respectively, the saturation pressures of the impurity, B , in 
its pure state and the approximately pure substance, A, in its pure 
state, at the temperature of the test; and Ap is the differential satura¬ 
tion pressure measured by the manometer. The lower-boiling impuri¬ 
ties to be suspected are nitrogen or hydrogen; the higher-boiling 
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impurities are methane or higher-boiling hydrocarbons. A difference 
of 0.01 mm in saturation pressure would result from any one of the 
following differences between the impurity in the initial distillate and 

that in the final residue: 

1 . 0.00002 mole fraction of nitrogen. 

2. Very much less than 0.00002 mole fraction of hydrogen. 

3. 0.00001 mole fraction of methane. ] . 

4. Very mucli less than 0.00001 mole fraction of ethane or heavier 

hydrocarbons, carbon dioxide, and other higlier-boiling gases. 

Actually, while the measurements given do not disclose the fact, 
the manometer cannot ordinarily be trusted to ±0.01 mm, but 0.03 
mm is a conservative figure. This would indicate that no single 
impurity exceeded 0.00005 mole fraction in the carbon monoxide used 
and insures satisfactory purity of this gas. 


3. STORAGE AND TRANSFER 

The sample was transferred by liquefaction and subsequent vapori¬ 
zation to a carefully prepared container sealed to the purification 
apparatus. (For details of method, see [2].) Here it was stored over 
mercury. This container was sealed directly to the burette of the 
analytical apparatus, and means provided for alternately evacuating 
and flushing the sampling line with mercury and with the sample 
itself. Thus the identity of the sample was preserved throughout 

the analyses. 

III. ANALYTICAL APPARATUS 

The carbon monoxide was analyzed with the apparatus regularly 
used in this laboratory for this type of work [4]. Part of the work 
was done with a modified form of this apparatus, which included 
small tubes for desiccants and solid reagents [5]. Many of the 
analyses were made with all rubber connections eliminated from the 
apparatus. Two series were performed with a dry compensator and 
burette, all the gases being dried over P 2 0 6 before measurement. 

IV. ANALYTICAL PROCEDURE 

Analyses were carefully made according to the general procedures 
previously set forth in considerable detail [4]. Five separate groups of 
analyses were performed, and in some cases the general procedures 
referred to were modified to fit the particular need of the group. 
Since these analyses will be discussed separately, any modification of 
general procedure will be noted with the discussion of the series 
involved. In general, the procedure was as follows: 

1. About 60 ml of N 2 was measured and stored over the KOH or 
pyrogallol solution. 

2. About 60 ml of oxygen was measured and stored in the com¬ 
bustion pipette. 

3. Very close to 60 ml of CO was measured and transferred slowly 
(15 to 20 min) over the heated spiral of the combustion pipette. 
After four additional passes over the wire (15 to 20 min additional), 
the contraction was measured. 

4. The C0 2 was removed and with the usual dilution passed into the 
combustion pipette to regain the small amount of this gas left in this 
portion of the distributor. 
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Table 2. —Analytical data —Continued 


1 

2 

3 

4 

6 

6 

7 

8 

TC 

CO, 

0, 

N, 

2TC/S 

CO,/S 

20, IS 

3/2(TC-fCO,) 

S 


Series 1. Connections made with rubber tuning. 66% of CO, in products. 0.1 ml of IJjO present—Con. 


ml 

ml 

ml 

ml 

%co 

%co 

%co 

%co 

30. 39 

59.64 

29.99 

-.05 

101.30 

99. 40 

99. 97 

100. 03 

30. 48 

59.63 

30. 12 

.00 

101.60 

99.38 

100. 40 

100. 12 

30. 40 

59. 55 

29.90 

-.06 

101.33 

99. 25 

99. 67 

99. 94 

30. 39 

59.58 

30. 02 

+.03 

101. 30 

99. 30 

100. 07 

99. 98 

30.37 

59.63 

29.96 

-.05 

101.23 

99.38 

99. 87 

100.00 

30. 39 

59. 55 

30. 08 

+. 13 

101. 30 

99. 25 

100. 27 

99.93 

30. 36 

59. 65 

30. 01 

.00 

101.20 

99. 42 

100. 03 

100. 01 

30. 35 

59. 65 

29. 98 

-.03 

101. 17 

99.42 

99. 93 

100.00 

30. 42 

59.66 

29.90 

-. 18 

101.40 

99. 43 

99. 67 

100. 09 

Avg. 30. 41 ±.04 

59. 59±. 05 

30. 03±. 06 

+ . 01±. 06 

101. 38±. 13 

99. 32±. 08 

100. 10±. 21 

100. 01 ±.04 


Scries 2. No rubber connections. 66% of CO, in products. 0.6 ini of H,0 present 


30. 57 

59. 49 

30. 14 

+0.08 

101. 90 

99. 15 

100.47 

100. 07 

30. 53 

59. 42 

29.99 

+.02 

101. 77 

99. 03 

99. 97 

99.96 

30. 52 

59. 50 

30. 13 

+. 10 

101. 73 

99. 17 

100. 43 

100. 02 

30. .50 

59. 55 

30. 08 

+.02 

101.67 

99. 25 

100. 27 

100.06 

30. 56 

59.41 

30.09 

+.11 

101.87 

99. 02 

100. 30 

99. 97 

30.46 

59. 52 

29.99 

.00 

101.53 

99. 20 

99. 97 

99. 98 

30. 52 

59. 52 

30. 12 

+.08 

101. 73 

99. 20 

100. 40 

100. 04 

30. 53 

59. 40 

29.90 

-.03 

101. 77 

99.00 

99. 67 

99. 92 

30. 52 

59. 51 

30. 04 

.00 

101.73 

99. 18 

100. 13 

100.03 

30. 52±. 02 

59. 48±. 05 

30. 05±. 07 

+. 04±. 04 

101. 74±. 07 

99. 13±. 08 

100. 17±. 22 

100. 01 ±.04 


Series 3. No rubber connections. 66% of CO, in products. 0.1 ml of FI,0 present 


30. 35 

59. 62 

29.96 

-0. 02 

101. 17 

99. 37 

99. 87 

99. 97 

30. 34 

59. 66 

29. 99 

-.02 

101.13 

99. 43 

99. 97 

100.00 

30. 36 

59. 66 

30. 05 

+.02 

101. 20 

99.43 

100. 17 

100.02 

30. 36 

59. 72 

30. 05 

-.03 

101. 20 

99. 53 

100. 17 

100. 08 

30. 25 

59. 74 

29. 95 

-.04 

100. 83 

99. 57 

99.83 

99. 98 

30. 33 

59.66 i 

30. 04 

+.04 

101. 10 

99. 43 

100. 13 

99.99 

30. 29 

59. 75 

30. 03 

-.01 

100. 97 

99. .58 

100. 10 

100.04 

Avg 30. 33±.03 

59. 69±. 04 

30. 01±. 01 

—. 01 ±. 02 

101. 09±. 10 

99. 48±.07 

100. 03±. 12 

100. 01±. 03 


Series 4. No rubber connections. 06% of COj in products. No H,0 present 


30. 23 

59.71 

30. 08 

+0. 08 

100. 77 

99. 52 

100. 27 

99. 93 

30. 28 

59. 71 

30.01 

+.02 

100. 93 

99. 52 

100. 03 

99. 99 

30. 29 

59. 67 

30.09 

+.02 

100. 97 

99.45 

100. 30 

99. 96 

30. 29 

59.64 

30. 07 

+. 13 

100. 97 

99.40 

100. 23 

99. 92 

30. 28 

59. 65 

29.91 

-.02 

100. 93 

99. 42 

99. 70 

99. 92 

30.29 

59.71 

30.09 

+.09 

100. 97 

99. 52 

100. 30 

100 00 

30. 24 

59.68 

29. 97 

+.04 

100.80 

99. 47 

99.90 

99 91 

30. 28 

59. 74 

30. 11 

+.09 

100. 93 

99. 57 

100. 37 

100 02 

30. 31 

59. 71 

30. 03 

.00 

101.03 

99. 52 

100. 10 

100 02 

30. 26 

59. 70 

30. 06 

+.09 

100. 87 

99.50 

100.20 

99.96 

Avg. 30. 28±.02 

59. 69±. 03 

30. 04±. 05 

+. 04±. 04 

100. 92±. 06 

99. 49±. 04 

100. 14±. 17 

99. 96±. 04 


Series 5. No rubber connections. 31% of CO, in products. No H,0 present 


30. 22 
30. 22 
30.27 
30. 32 
30. 27 

59. 77 
59. 78 
59. 74 
59. 77 
59. 82 

29. 96 
30.06 
30.01 

30. 12 
29.99 

-0. 04 
+. 03 
.00 
+.01 
-.05 

100. 73 
100. 73 
100.90 
101.07 
100.90 

99. 62 
99.63 
99. 57 
99. 62 
99. 70 i 

99.70 
100.20 
100. 03 
100. 40 
99. 97 

99.99 
100.00 
100.01 
100. 10 
100. 10 

30.28 

30.22 

30.24 

59. 76 
59. 72 
59.68 

30. 04 
29.94 
29.94 

.00 

.00 

+.01 

100. 93 
100. 73 
100.80 

99.60 
99.53 
99. 47 

100. 13 
99.80 
99.80 

100. 04 
99. 93 
99.91 

Avg. 30. 26±.03 

59. 76±. 03 

30. 00±. 06 

—. 01±. 02 

100. 85±. 10 

99. 59±. 05 

100. 00±. 19 

100. 01±. 05 
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The data are presented graphically in figure 2, which is a frequency 
plot. Here the points represent percentages by volume of CO. The 
squares are values computed from the C0 2 produced upon combus¬ 
tion, the triangles are computed from the total contraction after burn¬ 
ing, the circles are computed from the oxygen consumed, and the 
diamonds are computed from the more reliable combination of con¬ 
traction (TC) + C0 2 produced. The values in table 2 have been 
rounded off to the nearest 0.1 percent in this graph. 

The picture is so obvious when thus presented that discussion 
seems gratuitous. Again there is the usual story to be expected from 
a carbon-bearing gas. Carbon monoxide is too high by 1.4 percent 
when computed from TC, too low by 0.7 percent when computed 
from C0 2 , too high by about 0.1 percent when computed from 0 2 , and 
so nearly correct when computed from TC + C0 2 that the limit of ac¬ 
curacy of the volumetric measurement will suffice to explain whatever 
deviation from the known composition remains. The accuracy of the 
analysis thus has a direct measure. The reproducibility is equally 
well shown at a glance. Reproducibility (expressed as average devi¬ 
ation from the mean) for the determinations of TC and C0 2 was 
about ±0.1 percent for each of the series; the total spread was 0.5 
and 0.3 percent, respectively. Reproducibility was not so good when 
computed from 0 2 , being ±0.2 percent, with a spread of 1.3 percent. 
The results computed from TC + C0 2 are remarkably consistent. 
Indeed, for the determination of the purity of a single carbon-bear¬ 
ing gas in the absence of other combustible gases, the best volumetric 
combustion procedure would be the removal of C0 2 during the com¬ 
bustion, and the single measurement of the combined TC and C0 2 . 
Unfortunately, this procedure can rarely be employed. 

VI. SERIES 2 AND 3 

(Conventional apparatus, but with no rubber connections. Procedure same as 

in series 1. Water in combustion pipette and burette: series 2, 0.5 ml; series 

3, 0.1 ml) 

1. EFFECT OF LIQUID WATER IN THE COMBUSTION PIPETTE 

The amount of water within the burette and combustion pipette is 
one factor determining the accuracy of the analysis. This has been 
discussed before [7] but inadequately, and may be briefly reconsidered. 
It is necessary, of course, to keep some water within the burette if 
all the gas volumes are to be completely saturated and thus made com- 

C arable on this basis. (This is general practice, since dry analyses 
ave been considered too difficult.) The amount of water used by 
different operators varies somewhat, but the best technique calls for 
a film of water on the burette walls, with no excess to obscure the 
mercury meniscus. If this condition is maintained, the total amount 
of water is, curiously enough, practically constant. If, however, free 
or combined hydrogen is burned, water is supplied to the combustion 
pipette, and accumulates therein if not regularly expelled. General 
practice has been to remove this condensate when it becomes trouble¬ 
some and this means that the amount of water may vary consider¬ 
ably from time to time—certainly over the range 0.1 to 1 ml, depend- 
ing on the whim and preoccupation of the manipulator. 
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The physical picture with respect to this water is clear. When the 
f, a ® fi , rst , burned and the condensate forms, it dissolves C0 2 from 
the products of combustion. The contraction measured after burning 
is correspondingly too high and the C0 2 equally too low. Next after 

tfon°ThP °r f 71 ° grcater pa , rt of tbe C ° 2 by absorption in KOH solu¬ 
tion the residue is passed into the combustion pipette to regain the 

t 1 i J ® M 1 1 ^ y l . | i- 1 l_ j , . , . connec- 

nri , 1 f t , us moment the water within the combustion pipette 
maj liberate the dissolved CO, which is, of course, absorbed during 

w ibfn tl passa f s f mto t he KOH solution. This leaves the water 
within the combustion pipette free to dissolve more C0 2 during the 

next combustion, a point previously ignored. If the water then 

accumulates, the amount of C0 2 dissolved will increase with each 
succeeding combustion. 

This was demonstrated experimentally by introducing a known 

amount of water into the combustion pipette and alternately passing 

ana J\ 2 into it, measuring the alternate decrease and increase of 

volumes corresponding to the absorption and liberation of the C0 2 . 

Ine amounts so retained and liberated corresponded with the known 

data for solubility under the experimental conditions. Absorption 

and desorption were rapid and apparently complete, since one passage 

oi the gas (duration about 20 sec) was sufficient to give approximate 
equilibrium. 


The effect upon the actual analysis is demonstrated experimentally 
m series 2 and 3. During series 2, a total of 0.5 ml of water was kept 
within the combustion pipette and burette. This amount was re¬ 
duced to 0.1 ml during series 3. A comparison of the data shows that 

® ex Pected effect was observed. The data are given in table 2. A 
difference of 0.21 ml of C0 2 produced is noted, with a corresponding 
difference of 0.19 ml in TC. This difference agrees with the value 
computed from the solubility of C0 2 in water at its existing partial 
pressure and the average temperature of the analyses: (0.4X0.8X 
0-66 = 0.21 ml, where 0.4 is the difference in milliliters of the amount of 
water, 0.8 is the solubility factor, and 0.66 the partial pressure of 
c ° 2 ). ‘ 

The shift in values is easily seen in figure 2. When the larger 
amount of water was present, the percentages computed from C0 2 
and from TC are pushed farther aside from the known fact; when the 
smaller amount of water was used, the corresponding values are 
drawn in closer to the 100-percent axis. The differences between the 
two series are about 0.6 percent of CO computed from TC and 0.3 
percent computed from C0 2 - The values computed from TC + C0 2 are 
not significantly changed. The data indicate the necessity for modi¬ 
fication of technique with respect to water accumulating in the com¬ 
bustion pipette. Considering the average temperature, the partial 
pressure of C0 2 in products of combustion, and its solubility in water, 
the water should be limited to 0.1 ml. 


2. EFFECT OF RUBBER CONNECTIONS 

Before proceeding to the next series of analyses, series 1 should be 
compared with series 3. The water during each series was 0.1 ml. 
Other conditions were comparable, except that the rubber connections 
used in series 1 were replaced with fused glass or cemented connections 
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in series 3. The loss of C0 2 through the rubber connections, an error 
previously discussed [ 8 ], is apparent when these analytical data are 
examined. Series 1 gives a higher value of CO from TC, and a lower 
one from C0 2 , than does series 3. These differences amount to 0.3 
and 0.2 percent, respectively, and correspond to a loss of 0.1 ml of 
C0 2 in the rubber—rather more than previous independent measure¬ 
ments would indicate, and probably more than is actually lost. 

VII. SERIES 4 

(No water and no rubber connections—all gases measured dry) 

In many respects series 4 is the most interesting group of analyses 
performed during this work. The procedure was novel in that all 
gases were measured dry instead of saturated with water vapor. Thus 
the loss of C0 2 by solution in water was eliminated entirely. The 
apparatus had no rubber connections. The desiccant used was P 2 0 5 , 
small amounts of which were put on glass wool in tubes used to dry 
both the sample and the oxygen before they entered the burette, as 
well as all gases returned from reagents or the combustion pipette. 
Such an apparatus and the requisite procedures for using the dry 
burette and compensator have been described [5]. A review of this 
work will reveal most encouraging volumetric behavior in spite of the 
natural expectation that water vapor yielded from glass walls might 
continually interfere. Aside from the modification of apparatus and 
the drying of the gases, the analytical procedure was the same as for 
previous analyses. 

The data show some decrease in the CO computed from the TC 
measured in this series, which was to be expected. However, con¬ 
trary to expectation, there was no significant increase in the value 
derived from C0 2 . There was no decrease in the CO calculated from 
the measurement of excess 0 2 . 

During these analyses a curious thing was observed. The dry 
combustion pipette quickly collected what appeared to be considerable 
amounts of a grayish-black powder. It is true that this pipette never 
remains entirely clean, since iridium is deposited from the heated 
spiral, and mercury slowly fouls, even when transferred through the 
best grade of sulfur-free rubber tubing. But the fouling of the dry 
pipette appeared to be unmistakably worse and occurred in consider¬ 
ably less time than had ever been observed with the wet pipette. 
It is, of course, entirely possible that similar amounts of this substance 
are formed in the wet pipette, but are not obvious because a fluffy 
powder may be reduced in volume by the water, and be carried down 
the walls of the pipette with the moist mercury, gradually forming 
the dirty rings which are noticeable in the lower portions of the wet 
pipette. 

These dry analyses presented further curious second-order effects. 
After the combustion, the gas was returned directly from the pipette 
for measurement. Thereafter, the gas was returned through the 
P 2 Q 5 to the pipette, and then back to the burette through the same 
desiccant. The second gas volume was usually less than the first by 
small amounts 0.02 to 0.05 ml. In computing the analysis, the 
second or the “dry” volume was taken. It is entirely possible that 
small amounts of water vapor were released from the heated wire and 
glass dome of the pipette, or crept up through the rubber tubing 
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connected to the bottom of the pipette. This explanation most 
nearly fits the physical picture involved. We were unable to measure 
any adsorption of C0 2 on the P 2 0 5 during a set of control experiments 
designed to check this possible explanation. 

Another puzzle developed during a second set of control experiments. 
.Nitrogen, oxygen, or air could be repeatedly passed between the dry 
pipette and burette, either through the P 2 0 5 or with this tube by¬ 
passed, with no significant change of volume. However, when the 
wire was heated , a small expansion was observed when nitrogen was 
passed into the pipette, and a small contraction was observed when 
oxygen (or air) was passed over the hot wire. The wet pipette gave 
no such effect with either gas. Extremely rigorous tests for leaks 
were made concurrently with these experiments, which, it will be 
remembered, were conducted in an apparatus without rubber con¬ 
nections. These expansions and contractions were of the order of 
magnitude of 0.05 to 0.1 ml when the two gases were exposed to the 
hot wire for periods of one-half to 1 hour. There was also evidence 
of the formation of an acid gas when either expansion or contraction 
was observed. Of the many explanations which occurred, none 
seemed satisfactory. 

Whatever the cause of the small contraction observed when 0 2 
or air was passed over the heated spiral of the dry combustion pipette, 
its occurrence might explain an increased TC and 0 2 and decreased 
C0 2 for this series. But while the C0 2 was less than expected, the 
TC was itself less than for the previous series. Again, the formation 
of the black substance in the dry pipette in the presence of oxygen 
might indicate the formation of an oxygen compound, and the 0 2 
consumed might indicate this. While these effects are of a second 
order of magnitude, they are nonetheless interesting. 

The nitrogen balance for this series shows an average gain of 0.04 ml. 
This and the value for CO computed from TC+C0 2 suggest an in¬ 
complete combustion in the dry state, but we were unable to demon¬ 
strate this experimentally. 

At this time it will be well to review the nitrogen balance for each 
of the four series of analyses already discussed. To complete the 
picture, the data from series 5 will be anticipated. The average 
nitrogen lost or gained during each series was as follows: 


Series 

ml 

1 

+ 0. 01 

2 

+. 04 

3 

-. 01 

4 

-f. 04 

5 

-. 01 


While the amounts involved are small, the gains for series 2 and 4 
are somewhat out of line. The most likely explanation for this is 
slightly involved, but brings out an important fact concerning the 
oxygen consumed during combustion. The whole picture becomes 
clear by correlating the following separate facts: 

1. Oxygen is determined by absorption in a solution of alkaline 
pyrogallol. It is known from experimental work that the particular 
solution of pyrogallol used in this work yields no significant amount 
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of carbon monoxide during reaction with oxygen, provided the pro¬ 
portion of the oxygen is 0.2 of the whole or less, and the reaction is 
conducted so that Tittle or no expended pyrogallol remains in contact 
with unabsorbed oxygen [9]. However, if the partial pressure of the 
oxygen is high, small but measurable amounts of carbon monoxide 
may be generated. Any carbon monoxide so produced will appear in 
the residue, after absorption, as so much nitrogen, and the oxygen 
determined will be correspondingly too low. 

2. During series 1 and 3, the diluting nitrogen used with each analy¬ 
sis was stored over the solution of potassium hydroxide, so that it 
mixed with the residual gas after absorption of the carbon dioxide 
and before the absorption of oxygen. This lowered the partial pres¬ 
sure of oxygen in the gas entering the pyrogallol solution. During 
series 5 a like condition prevailed, since air, instead of commercial 
oxygen, was used for combustion in this series only. But during series 
2 and 4, through an oversight, the diluting nitrogen was stored over 
the pyrogallol, thus making the partial pressure of oxygen in the gas 
originally entering this solution higher than existed during the other 
series. Under these circumstances, negligible amounts of carbon 
monoxide would be expected from the reaction of oxygen with pyro¬ 
gallol in series 1, 3, and 5; but this would not be true for series 2 and 4. 
The data indicate that on the average about 0.04 ml of CO was 
generated during the absorption of excess oxygen in series 2 and 4, 
and that this carbon monoxide appeared as a gain in nitrogen. 

3. This explanation of the nitrogen gained is consistent with deter¬ 
minations of carbon monoxide generated during the analysis of the 
commercial oxygen used for combustion during series 1 to 4, inclusive. 
This carbon monoxide was determined by the iodine pentoxide 
method and by combustion of concentrated residues from absorptions 
of many samples of oxygen. 

While the above discussion rounds out the picture with respect to 
the nitrogen balance, futher consideration should be given to the small 
amounts of carbon monoxide sometimes generated when oxygen 
reacts with pyrogallol, since the measurement of oxygen consumed 
during the combustion will also be affected. 

In general, the oxygen consumed during combustion is found by 
determining the excess oxygen in the products of combustion and 
subtracting this excess from the measured amount of 0 X 3 'gen originally 
taken. Thus the composition of the oxygen taken for combustion 
must be known. If air is not taken, usually commercial oxygen 
separated from air by rectification is used. This oxygen contains 
nitrogen as an impurity. Its composition is ordinarily determined 
by the same method used during an analysis to determine the excess 
oxygen in the products of combustion, that is, by absorption in 
alkaline pyrogallol. Since the apparent oxygen determined by this 
method depends upon the partial pressure of oxygen in the gas entering 
the pyrogallol solution, it is obvious that the determination of excess 
oxygen in the products of combustion may not strictly compare with 
the determination of oxygen in the commercial “oxygen” taken for 
this combustion. In other words, different amounts of carbon 
monoxide may be generated during these two separate but inter¬ 
dependent determinations. For this reason, accurate work requires 
the determination of generated carbon monoxide in both cases, or else 
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the adjustment of the partial pressures of oxygen so that they will be 
nearly equal during both determinations. 

W ° rk here re Ported, e commercial oxygen was analyzed by 
absorption m pyrogallol with subsequent determination of and 

mnT/f K° n f ° r p n f rated .carbon monoxide. In addition, analysis was 
made by combustion with pure hydrogen. The composition of the 

commercial oxygen was accordmgly well established. The original 

analytical procedure would have eliminated significant error caused 

by the generation of carbon monoxide during the absorption of 

oxygen m the products of combustion, simply by diluting the oxygen 

with a sufficient amount of nitrogen. Therefore, no determination of 

generated carbon monoxide was made, although the failure to observe 

desirable Cd prOCedure in senes 2 and 4 made suc h a determination 

VIII. SERIES 5 


(No water; no rubber connections; air used for the combustion instead of oxygen) 

This series of analyses made use of the nearest approach to a stand- 
ard gas mixture that is ordinarily available to the gas analyst—dry, 
C(J 2 -free air. The advantages gained are a definite knowledge of the 
amount of oxygen introduced for the combustion, a supply of diluent 
nitrogen without its preparation and separate measurement, and a 
reduction m the partial pressure of C0 2 in the products of combustion, 
lhe disadvantage is the limitation of the amount of sample which can 
be used, and consequently of the three measurements TC, C0 2 , and 
(J 2 . 

In spite of this limitation imposed on percentage volumetric accu¬ 
racy, the results are pleasing with respect to TC and C0 2 , both of 
which approached a bit nearer to the 100-percent axis which represents 
the known fact. The average of the oxygen values leaves nothing to 
be desired, but the reproducibility of these values is not so good. 
The nitrogen balance is satisfactory (—0.01 ml). This procedure has 

much to commend it. 


IX. CORRECTION OF ANALYTICAL DATA FOR 

KNOWN ERRORS 

Now that the analytical data have been presented, the accuracy 
and reproducibility of this determination made under the five sets of 
conditions noted are both disclosed, and the analyst and the user of his 
data may know about what to expect when dealing with this gas so 
determined. From the practical viewpoint, the anatyses of series 1 
offer a measure of the order of magnitude of the accuracy which 
may have been achieved in laboratories using modern apparatus with 
reasonable care, and conducting determinations in such a manner that 
the partial pressures of the various gases at each step of the analysis 
would approximate those maintained in this work. 

In addition to offering this useful information, it will be well, as 
always, to see if something further can be done to improve these 
results by correcting them for known errors. If the analytical results 
can thus be brought into closer agreement with the known purity of 
the CO, the remedial measures thus indicated will be worth the using. 

Assuming that the chemistry involved is above reproach, the two 
distinct types of error then to be expected are deviations from the ideal 
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gas laws, and the solution of the gases in water and rubber. These 
have been previously discussed [7], and data may be drawn from past 
experiments to make the necessary corrections involved. In addition, 
fresh data are offered to give, at least roughly, the order of magnitude of 
the deviations from ideality of the various mixtures existing during the 
analysis. Since these last results may be at variance with theoretical 
values for these deviations, the data will first be corrected for errors 
arising from solution in water and rubber, and then be corrected for 
deviations from ideality on the basis of both theoretical and approxi¬ 
mately measured values. 

In making these corrections, it will be simpler to deal in the units 
actually observed in the analysis—namely, milliliters of gas measured 
at atmospheric pressure and laboratory temperature (average 25° C). 
This method has the additional virtue of telling the analyst just where 
he stands with respect to the factor which fundamentally limits his 
work—volumetric accuracy. It will be seen that application of the 
corrections for solution of C0 2 brings the results of the five series into 
better agreement among themselves, and that application of appro¬ 
priate corrections for deviations from the ideal gas laws brings the 
results into better agreement with the known facts regarding the 
purity of the CO. 

1. CORRECTIONS FOR LOSS OF C0 2 BY SOLUTION 

Corrections for solution of C0 2 in H 2 0 may be made for series 1, 2, 
and 3 on the basis that the solubility is 0.8 ml of C0 2 per ml of H 2 0 
(at 26° C) when the pressure of C0 2 in the gas phase is 1 atmosphere. 
Under the conditions of the experiments in series 1, 2, and 3, in which 
the partial pressure of C0 2 is 0.66 atmosphere, this reduces to 0.53 ml 
of C0 2 per ml of H 2 0. Correction for solution of C0 2 in rubber may 
be made for series 1 on the basis that 0.05 ml of C0 2 would be lost by 
this process [8] during the time of an analysis if the C0 2 were at atmos¬ 
pheric pressure. This corresponds to a loss of 0.03 ml of C0 2 per 
analysis at the partial pressure of the C0 2 in these experiments. 

The observed average equations for the series, expressed in milli¬ 
liters, and referred to a fixed sample of 60 ml of CO, are: 

Scries 1. 60 CO + 30.03 ±0.06 0 2 —>59.59 ±0.05 CO 2 + 30.41 ±0.04 TC 

2. 60 C0±30.05 ±0.07 0 2 ->59.48 ±0.05 CO 2 ±30.52 ±0.02 TC 

3. 60 CO + 30.01 ±0.04 O z -^59.69 ±0.04 CO 2 ±30.33 ±0.03 TC 

4. 60 CO + 30.04 ±0.05 0 2 -*59.69 ±0.03 CO 2 ±30.28 ±0.02 TC 

5. 60 C0±30.00 ±0.06 0 2 -^59.76 ±0.03 CO 2 ±30.26 ±0.03 TC 

These equations corrected for solubility of C0 2 in water and rubber 
are: 

Series 1. 60 C0±30.03 0 2 ->59.67 CO 2 ±30.33 TC 

2. 60 CO±30.05 0 2 —>59.74 CO 2 ±30.26 TC 

3. 60 CO±30.01 0 2 —>59.74 CO 2 ±S0.28 TC 

4. 60 CO±30.04 0 2 —>59.69 CO 2 ±30.28 TC 

5. 60 C0±30.00 0 2 —>59.76 CO 2 ±30.26 TC 

The average equation for all five series corrected for solubility is 

60 CO + 30.03 0 2 —>59.72 CO 2 + 30.28 TC. 
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The deviations of each series from this average are: 

Series 1. 0.00 O 2 -»0.05 C0 2 ±0.05 TC 

2. 0.02 O a —>0.02 C0 2 +0.02 TC 

3. 0.02 0 2 —>0.02 C0 3 ±0.00 TC 

4. 0.01 0 2 —>0.03 C0 3 ±0.00 TC 

5. 0.03 O a ->0.04 COj + 0.02 TC 

The improved agreement is at once noted. C0 2 and TC for series 
o are somewhat out of line, but it will be remembered that the partial 
pressure of C0 2 in the products of combustion was only 0.31 for this 
series as against 0.66 for the other series, and correction for deviation 
from ideality may still remedy this. 

2. CORRECTIONS FOR DEVIATION FROM IDEALITY 

T. lie next corrections in order are those dealing with deviations from 

the ideal gas laws. The two mixtures which will exhibit the greatest 

deviations during these analyses are (expressed in partial pressures) 

0*66 CO 2 + 0.34 [0 2 + N 2 ] (series 1 to 4, inclusive) and 0.31 CO 2 + 0.69 
[0 2 + N 2 ] (senes 5). 

Dry C0 2 and dry air were measured separately, and were mixed in 
such proportions that the above partial pressures were obtained. To 
check the measurements, two volumes of dry air were measured in 

like amounts. The averages of 10 such determinations of each are as 
follows: 

1. When 60 ml of dry C0 2 was mixed with 30.9 ml of dry air, the 
observed expansion was 0.04 ml ±0.01. 

2. When 60 ml of dry air was mixed with 27 ml of dry C0 2 , the 
observed expansion was 0.056, corresponding to 0.11 ±0.02 had the 
sample been 60 ml of CO instead of the 30 ml necessarily used. 

3. When 60 ml of air was mixed with 30 ml of air, there was no 
observed expansion within ±0.01 ml. 

The TC measured during the analyses wall therefore be less by 
amounts corresponding to these expansions, and the C0 2 correspond- 
ingly greater, than if the gases had been measured separately. If we 
correct the equations which have already been corrected for solution 
of C0 2 , the results are: 

Series 1. 60 CO + 30.03 ±0.06 0 2 ->59.63 ±0.05 CO a ±30.37 ±0.04 TC 

2. 60 CO + 30.05 ±0.07 O 2 ->59.70 ±0.05 C0 2 ±30.30 ±0.02 TC 

3. 60 CO + 30.01 ±0.04 O 2 ->59.70 ±0.04 CO 2 ±30.32 ±0.03 TC 

4. 60 CO±30.04 ±0.05 0 2 ->59.65 ±0.03 CO 2 ±30.32 ±0.02 TC 

5. 60 CO±30.00 ±0.06 0 2 ->59.65 ±0.03 CO 2 ±30.37 ±0.03 TC 

The average equation for all five of the series, taken from the above 
separate corrected equations, is 

60 ml CO + 30.03 ml 0 2 -^59.67 ml CO 2 + 30.34 ml TC 

The deviations of each series from this equation are: 

Series 1. 0.00 0 2 —>0.04 C0 2 ±0.03 0 2 

2. 0.02 0 2 —>0.03 C0 2 ±0.04 0 2 

3. 0.02 0 2 —>0.03 C0 2 ±0.02 0 2 

4. 0.01 O a —>0.02 C0 2 ±0.02 O a 

5. 0.03 0 3 —>0.02 C0 2 ±0.03 0 2 

This now brings the C0 2 and TC of series 5 in line with those of the 
other series. The differences may not represent real effects, since 
all of the data are now within the reproducibility of measurement. 
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Had the physical and chemical behavior of the analysis been 
perfect in all respects, the ideal stoichiometric relationship 

60 CO+ 30 O 2 ->60 CO 2 +30 TC (1) 

would have prevailed. This ideal relationship itself must be corrected 
for deviation of the gases from ideality, and this may be done according 
to values kindly supplied by C. S. Cragoe, of this Bureau. The 
values were calculated by Cragoe from the best available data for the 
average conditions prevailing during these analyses. They are be¬ 
lieved to be good to 1 in the fourth place. The corrected equation 
may be written 

(60)(0.9997) C0 + 30(0.9994) 0 2 ->60(0.9949) C0 2 (2) 

Tliis corresponds to 

60 CO+29.99 0 2 —>59.71 CO 2 + 30.28 TC (3) 

The deviations of these values from the observed values corrected 
for solution of C0 2 are 

Series 1. -0.04 0 2 — +0.04 C0 2 +-0.05 TC 

2. -0.06 0 2 -> + 0.03 COj -0.02 TC 

3. -0.02 0 2 —-0.03 CO a 0.00 TC 

4. +0.03 0 2 ->4-0.02 CO a 0.00 TC 

5. -0.01 0 3 —► — 0.05 C0 2 +0.02 TC 

This agreement is satisfactory for nearly every measurement made 
during the five series of analyses, and gratifyingly so for the group 
taken as a whole. Compare the ideal stoichiometric relationship 
corrected for deviation from ideality: 

60 CO + 29.99 0 2 —>59.71 CO 2 + 30.28 TC; 

with the average measurements for all five series corrected for errors 
of solubility, 

60 CO + 30.03 0 2 —>59.72 CO 2 + 30.28 TC 
The deviation is only 

0.04 O 2 ->0.01 C0 2 + 0.00 TC. 

These values represent milliliters. If the individual analyses were 
just that good, the analyst would be saved much effort. 

Expressed in the ordinary fashion, the observed average values 
corrected for known solubility and deviation from ideality give the 
stoichiometric equation 

2 CO + l.OOlo 0 2 —>2.000 o C0 2 +1.000 3 TC 

If we assume that 0.04 ml of CO was generated during the absorption 
of excess oxygen in series 2 and 4, as previously indicated, the above 
equation may be corrected, and will then give the relationship 

2 CO+ 1.000, 0 2 —>2.000 0 CO + 1.000a TC. 
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A second stoichiometric relationship can be set up for series 1 to 4 
inclusive, and a third for series 5, by assuming that the deviation of 
CU 2 is proportional to its partial pressure. This is by no means 
necessarily true [10], but the computation can be made for the sake of 
general interest, since it is often resorted to in so-called exact gas 
analysis, the equation for series 1 to 4 becomes 


(60) (0.9997) C0 + 30(0.9994) O 
which reduces to 


60 (0.9963) C0 3 , 


(4) 


60 CO + 29.99 0 3 —>59.80 CO 3 + 30.19 TC; 

and that for series 5 becomes 

(60) (0.9997) CO+ 30 (0.9994) O 3 ->60 (0.9984) C0 3 , 
which reduces to 

60 CO + 29.99 0 2 —>59.92 CO 2 +30.08 TC. 


(5) 


( 6 ) 


(7) 


1 I * A 7 are out of line with the observed data corrected for 

solution of C0 2 . This method of calculation cannot be recommended 
in the present instance. 


X. COMPUTATION AS AN UNKNOWN 

So far the data have been treated on the basis of the known com¬ 
position of the sample analyzed. Had this gas been submitted to 
the analyst as an unknown—and this represents the usual case—the 
data would have been computed on the assumption that other com¬ 
bustibles were present. It will be interesting to see what the resulting 
report would have been. 

The data for the first series will be selected, since this more nearly 
represents average laboratory practice. Computed as though H 2 and 
CH 4 may have been present, according to the equation 

H 2 =TC —o 2 

CH 4 = 0 2 —1/3 (C0 2 +TC) 

CO= 1/3 (4 C0 2 +TC-3 0 2 ), 
the analysis would have been reported: 

CO, 99.3 percent 
H 2 , 0.6 percent 
CPI 4 , 0.03 percent 

Had the data been corrected for solubility of C0 2 in water and rubber, 
the analysis would have been reported 

CO, 99.5 percent 

H 2 , negative 

CH 4 , 0.04 percent 

Thus a sample of reasonably pure carbon monoxide would never be 
certified as such by the customary volumetric analysis. 
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DETERMINATION OF FREEZING POINTS AND AMOUNTS 
OF IMPURITY IN HYDROCARBONS FROM FREEZING 
AND MELTING CURVES 1 * 

By Beveridge J. Mair, 2 Augustus R. Glasgow. Jr., 2 and Frederick D. Rossini 


ABSTRACT 

Simple time-temperature freezing and melting curves are analyzed, and a 
procedure is outlined for determining from them the freezing point of a given sub¬ 
stance and the amount of impurity in it. The procedure was applied to a number 
of different known solutions of hydrocarbons ranging from 0.006 to 0.115 mole 
fraction in concentration of solute. For the systems examined, it was found that 
the values for the freezing point of a given substance obtained from both freezing 
and melting curves were always in accord within their respective limits of uncer¬ 
tainty, and that the estimated” amount of impurity was in error by not more than 
about 10 percent of itself, on the average. 
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I. INTRODUCTION 

In the work of the American Petroleum Institute Research Project 
6 at this Bureau on the isolation and identification of hydrocarbons 
from petroleum, the freezing point of the “best” lot of each hydro¬ 
carbon has usually been determined by means of time-temperature 
freezing or melting curves, and the purity of it has usually been 
estimated from time-temperature freezing curves according to the 
method proposed by W. P. White [l]. 3 In order to check the re¬ 
liability of such measurements and their interpretation, the authors 

‘ This investigation is part of the work of Research Project 6 of the American Petroleum Institute, from 
whose research fund financial assistance has been received. 

* Research Associate at the National Bureau of Standards, representing the American Petroleum Institute. 

•Presented before the Division of Petroleum Chemistry of the American Chemical Society at St. Louis. 

Mo., April 8, 19-11. 

* Figures in brackets indicate the literature references at the end of this paper. 
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have examined critically the principles and assumptions involved 
and have made experimental observations on several hydrocarbon 
preparations (solutions) containing different known amounts of 
impurity (solute). 

There are presented herewith the results of this study on the inter¬ 
pretation of time-temperature freezing and melting curves, together 
with a procedure for obtaining the proper value for the freezing 
point of a given substance (solution) and a reasonably reliable estimate 
of the amount of liquid-soluble, solid-insoluble impurity (solute) in it. 
hrom these values may be estimated the freezing point of the given 
substance when it contains no impurity. The apparatus and pro¬ 
cedure are relatively simple and may be readily adjusted for observa¬ 
tions on compounds having greatly different freezing points. With 
respect to the impurity in compounds of low impurity, the sensitivity 
is about 0.0001 mole fraction. 

The authors wish to emphasize the fact that methods are available 
for determining, more accurately than is possible with the simple 
apparatus and procedure described in this paper, the freezing point 
of a substance, or the amount of impurity in it, or both. With a 
calorimetric assembly of the type used in the accurate measurement 
of heats of fusion and transition, and heat capacities of both the 
liquid and solid states, observations may be made of the temperature 
of equilibrium corresponding to various fractions of the substance 
melted. From these observations may be determined the freezing 
point and the amount of impurity, the latter with a sensitivity as 
great as 0.00001 mole fraction (see, for example, [2, 3]). With the 
same apparatus, measurements may be made of the apparent heat 
capacity of the “solid” at a number of temperatures below the 
freezing point, which will measure the amount of “premelting” at 
these temperatures. From these observations the amount of im¬ 
purity may be calculated, with a sensitivity as great as 0.00001 mole 
fraction (see, for example, references [4, 5]). 

A new method for determining the amount of impurity in a given 
“pure” substance is that recently developed at this Bureau by Schwab 
and Wichers [6]. This is a differential time-temperature freezing 
method involving observations on the given substance followed by 
duplicate observations on the same material plus a known amount of 
impurity. This differential method minimizes the experimental 
sources of error inherent in the simple method of making time- 
temperature observations only on the given substance, is well suited 
to the precise determination of small amounts of impurity, and lias 
been satisfactorily tested on preparations of benzoic acid having 
amounts of impurity as low as 0.00001 mole fraction. However, the 
differential method cannot be used in those cases where it is necessary 
to retain the material under investigation in its original state of 
purity. This is important for hydrocarbons of high purity, which 
are usually available only in very limited quantities. 

II. THEORETICAL PART 

1. THERMODYNAMIC RELATION INVOLVED 

For the equilibrium between a liquid phase consisting of two or 
more components and a crystalline phase consisting of one of those 
components, the thermodynamic relation between the temperature of 
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equilibrium and the composition of the hquid phase, in terms of that 
component (hereafter, for convenience, called the major component 
or solvent) present in the two phases, is [7, 81 

-InN^-ln (1-N 2 )=N 2 (1 + 1/2N 2 +1I3N 2 2 + . . .) = 

(AHJRT\) AT[l + (l/T f0 -ll2AC p /AH f0 )AT + . . . ], (1) 

where Ah is the mole fraction of the major component in the liquid 
phase, N 2 is 1— Ah or the sum of the mole fractions of all the other 
components in the liquid phase; R is the gas constant; T f0 is the abso¬ 
lute temperature of the freezing point of the given substance when 
pure (that is, when Ah = l or A T 2 = 0); AH f0 is the heat of fusion of the 

major component in the pure state at the temperature, T f0 ; A C p is, 

for the major component, the heat capacity of the liquid less that of 
the solid; and AT is T f0 —T, where T is the given temperature of 

equilibrium. In the derivation of eq 1, the assumptions involved are 
the following: (1) the liquid solution is ideal, or sufficiently dilute 
that the fugacity of the solute is proportional to its mole fraction; 
(2) the heat of dilution is negligible over the range of concentration 
from N\= 1 to the given value of Ah; and (3) the value of A C p is 
constant over the range of temperature T to T /0# When the values of 

A7/ /0 ,j T /0 , and A C P are known, eq 1 permits evaluation of the mole 

fraction of liquid-soluble, solid-insoluble solute, Ah, from the value of 
the lowering of the freezing point, Al\ and conversely evaluation of 
AT from the value of N 2 . 

For the substances with which the authors are primarily concerned, 
namely, the paraffin, naphthene (cycloparaffin), and aromatic hydro¬ 
carbons occurring in the gasoline and kerosene fractions of petroleum, 
the value of the term 

l/T^-lfiACjAH^ 

in eq 1 is small, and for several typical hydrocarbons of these classes, 
has the following values: 

(1/7^—1/2 A Cy/M /0 ) 


Compound: deg—' 

n-Heptane_ 0.0035 

2,2,4-Tri methyl pentane_ . 0044 

Methylcyclohexane- . 004 

Benzene_ . 003 

Diphenylinethane- . 003 

n-Dodecane_ . 0030 


The order of magnitude of this term for such hydrocarbons is seen to 
be 0.004/deg. Therefore, omission of the bracketed term on the right 
side of eq 1 will result in an error in the evaluation of N 2 from values of 
AT (or of AT from values of N 2 ) equal to (100)(0.004)(AT) percent of 
the value of N 2 (or of AT). That is to say, when AT has the values 
0.1°, 1°, and 5°, the errors caused by the omission of the bracketed 
term will be of the order of 0.04, 0.4 and 2 percent, respectively, of 
the value of N 2 or of AT. Omission from eq 1 of the third and higher 
terms of the power series (1/3 N%+ . . .) on the left side will, for values 
of N 2 equal to 0.01, 0.05, 0.10, and 0.25 mole fraction, result in errors 

of 0.003, 0.08, 0.3, and 2 percent, respectively, of the value of Ah or 
of AT. 

315285—41-9 








594 Journal of Research of the National Bureau of Standards ivoi.ig 

It appears therefore that in calculating values of N 2 from values 
ol AT, or values of AT from values of N 2 , when the amount of solute 
is less than one-fourth mole fiaction and the value of AT is less than 
about 5 C, there may be used the simplified relation 4 

iV 2 (l + 1J2N 2 ) = (AH /0 /RTf 0 )AT=AAT, (2) 

without introducing from this source errors greater than about 2 
percent of the value of N 2 or of AT, as the case may be. 

2. DETERMINATION OF THE FREEZING POINT 

In this paper, the freezing point of a given substance (solution) is 
taken to be that temperature at which crystals of the major com¬ 
ponent are in thermodynamic equilibrium with a liquid phase having 
the original composition of the given substance (solution). When, as 
is usually the case, the cr 3 r stals of the major component are obtained 
from the solution itself, the freezing point is the temperature at which 
an infinitesimal amount of the crystalline phase of the major com¬ 
ponent is in thermodynamic equilibrium with the remainder of the 
substance in the liquid phase. The melting point of a given substance 
is thermodynamically identical with the freezing point as just defined. 

No difficulty is normally experienced in determining, from time- 
temperature freezing curves, the value of the freezing point for a pure 
substance or for solutions (or impure substances) in which very little 
undercooling occurs. For substances containing significant amounts 
of impurity, or for solutions such as those used in determining molec¬ 
ular weights from the lowering of the freezing point, the occurrence of 
undercooling may produce significant errors if the freezing point is 
determined in the customary manner, even when thermodynamic 
equilibrium is established in the period immediately following the 
recovery from undercooling. 

For such impure substances and solutions, undercooling produces a 
curve similar to that defined by the points ABCDEF in figure 1. In 
the interpretation of such a curve, two methods have been used to 
ascertain the freezing point. One method has been that of taking the 
freezing point to be the highest temperature actually observed after 
the onset of cr 3 r stallization. This would be the temperature, T K} 
corresponding to point K on the curve. Such a temperature is not 
characteristic of the given substance and has little thermodynamic 
significance other than that it is the temperature of equilibrium be¬ 
tween the crystals of the major component and a liquid phase con¬ 
taining a greater concentration of impurity or solute than the original 
substance contained, and that the freezing point of the substance or 
solution is higher than this temperature. The other and much more 
usual method is to extrapolate the portion EF of the freezing curve 
back to its intersection at B" with the line ABC. In a rigorous sense, 
this method also does not 3 7 ield the proper value for the freezing point, 
and it will be shown in what follows that the freezing point is TV 
(= T b ), a temperature slightly below T B 

In figure 1, the curve ABCDEF represents a real freezing curve 
with undercooling, and the curve A'B'EF represents an ideal curve 

4 For convenience, the cryoscopic constant, AH fO /RT 2 /0 , is hereafter designated by the symbol A. The 
most simplified form of eq 1 is of course 


Nj=^AT. 
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with no undercooling. In the latter case, T B f (or T B ) is the true 
freezing point of the substance. When undercooling occurs, the 
substance and its container are for a time subjected to a smaller 
refrigerating head of temperature than would exist with no under¬ 
cooling. The time required for a given amount of heat energy to be 
removed from the system during this period is therefore greater with 
undercooling than with no undercooling. If the ideal and real curves 



Figure 1 .—Diagram of a time-temperature freezing curve with considerable under¬ 
cooling , and of a melting curve, both for the same impure substance. 

The scale of ordinates represents the temperature and the scale of abscissae the time. The diagram illus¬ 
trates the method of determining the proper value of the freezing point and the initial time of freezing 
when undercooling occurs. See the text on p. 694-7 for explanation. 

are made to coincide at E , then it follows that the time z B — z B is 
greater than the time 6 z E — z B >. 

On the real curve ABCDEF in figure 1, point E represents the high¬ 
est temperature at which thermodynamic equilibrium was established 
between the liquid and crystalline phases. With thermodynamic 
equilibrium existing in the given substance, the heat content of the 
substance and its container will be invariant at the temperature T E , 

6 When a constant head of temperature Is used, Instead of a constant jacket temperature as in the pres* 
ent discussion, it is apparent that zb-zb is equal to zb-zb • and that Tb - and TV* coincide. 
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at the temperature T B (= T B .). Therefore, the decrease 

s w ill be constant and independent of the path. So, for example 
t ie decrease m heat content of the system as it passes from T to T 

fs* to S say 6 P&th BCDE wiU be tbe same as alon g the path B'E° That 

H b H e =H B ' — H E} ( 3 ) 

w here H is the heat content of the system in the given state. If T is 
the constant temperature of the fixed environment, T is the tempera- 

fer 6 and I't S ii bS r nCe fi “ d contaLner -^ is the coefficient of heat trans- 
® ■ tbe tbe quantity of heat passing from the substance 

of stirHn“T 1 ' t0 the jacket m an F S lven tim e is, neglecting the energy 

S~\ 1 {* / m m \ -» 

(4) 


Q 



Tj)dz. 


Application of eq 3 and 4 to the curve in figure 1 gives 

— (area BCD ESP) = 1c (area BLMP) +&(area LCDESM), (5) 

H b — H B =k{ area B'ESM) =k{ area B'LCDE ) +/t(area LCDESM)- (6) 
Hence 

area BLMP =area B'LCDE. (7) 

Adding the area BLB' to both sides of eq 7, there is obtained 


area BB'MP= area BLCDEB'. 


( 8 ) 


The relation given by eq 8 serves to locate the proper value of the 
freezing point T B > (= T B ) on the line EF extended, such that the area 
BB'MP is equal to the area BLCDEB'. These areas are shown cross- 
hatched in figure 1. 

The figures summarized in table 1 serve to indicate under what 
conditions the value of T B "—T B ’ is important and under what con¬ 
ditions it may be considered negligible. The values of T B >>— T B * given 
in table 1 were calculated on the basis that, with a given mass and 
heat capacity of substance and container, with a given heat of fusion 
of the substance, and with a <nven thermal insulation between the 
container of the substance and the jacket, the following conditions 
hold: (a) the cooling rate is 0.02°/ 121 hi deg; (b) the total time of 
freezing of the pure substance is 40 minutes when the head of tem¬ 
perature is 50° C; (c) 0.01 mole fraction of solute produces a lowering 
of 0.3° C in the freezing point. 

« To approach conditions of thermodynamic equilibrium it will be seen from section III-2 that stirring is 
required. In this case if u is the heat evolved in unit time by stirring, the equations corresponding to 4 
and 7 are, respectively, 

Q=k§ (T-T,)dz+ufdz 

and k (area BLMP)+u(zb —za)=A-(area B' LCDE). 

With an apparatus of the kind described in section in. the stirring energy is usually only several percent 
of the heat energy transferred as a result of the thermal head and consequently the term u(zb’-zb) may 
be neglected in comparison with A (area BLMP). 
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Table 1.— Values of Tb"—T B ' calculated for various conditions a 


Case 

Time of 

Head of 
tempera¬ 
ture 

Extent of 
under¬ 
cooling 

Concen¬ 
tration of 
solute * 

(T Jo —T/) d 

Value of Tb”—Tb' 

freezing • 

I b 

II o 

la... 

min 

40 

°C 

50 

°C 

5 

mole fraction 
0. 002 

°C 

0.06 

°c 

0.0010 

°C 

0.0014 

lb... 

40 

50 

5 

.02 

.6 

.010 

.014 

lc.. 

40 

60 

5 

.10 

3.0 

.045 

.065 

2a. 

40 

50 

1 

.02 

0.6 

.0006 


2b... 

40 

60 

6 

.02 

.6 

.010 

HHMTgf 

2c.. 

40 

50 


.02 

.6 

.036 


3a.. 

200 

10 

6 

.02 

.6 

.060 

.066 

3b.. 

40 

60 

5 

.02 

.6 

.010 

.014 

3c... 

20 

100 

5 

.02 

.6 

.006 

.010 

4. ... 

200 

10 

5 

.10 

3.0 

.27 

.29 


* See text for explanation. 

b Calculated on the assumption of recovery from undercooling in 2 min. 

0 Calculated on the assumption of recovery from undercooling in 5 min. 

<* Lowering of the freezing point caused by the given concentration of solute. 

From the values given in table 1, it is evident that, when the 
extent of undercooling is small in comparison with the head of tempera¬ 
ture, the value of T B "—T B ’ is small and of the order of several percent 
of T /o —Tf, the lowering of the freezing point caused by the given 

concentration of solute (or impurity). However, when the amount of 
undercooling is large hi comparison with the head of temperature, 
as in case 4, the value of T B >• — T B > becomes quite important. 

This method of determining the proper value of the freezing point 
is of importance in evaluating molecular weights by that cryoscopic 
method wherein the freezing points are determined from time-tem¬ 
perature curves. Frequently in such experiments, the thermal head 
is small and considerable undercooling occurs, and the foregoing cor¬ 
rection is quite significant. 

The freezing point as defined here is a definite temperature of 
equilibrium between the liquid phase and an infinitesimal amount of 
the crystalline phase of the major component. This equilibrium 
point can be approached from the low-temperature side as well as from 
the high-temperature side, that is, from a melting curve as well as 
from a freezing curve. On the right-hand side of figure 1, the curve 
GHJK is a melting curve in which the portion GH is assumed to 
represent thermodynamic equilibrium between the liquid and crystals 
of the major component. HJ is the portion during which the crystals 
and liquid still coexist but are no longer in thermodynamic equilibrium, 
and JK represents the warming curve for the liquid. The freezing 
point, Tr, as obtained by extrapolation of GH to its intersection with 
the extension of KJ at /, should be identical with the freezing point 
obtained by extrapolation of the freezing curve FE to T B > , within the 
respective limits of uncertainty of the extrapolations, provided only 
that equilibrium does exist over the portions GH and FE . Except 
for ideally pure substances the curves B'F and 1G are concave down¬ 
ward, and, if the rate of transfer of energy is the same in both cases 
(as assumed in figure 1), the curves will be mirror images of each other. 
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3. ESTIMATION OF THE AMOUNT OF IMPURITY 

In the estimation from time-temperature freezing curves of the 
amount of solid-msoluble, liquid-soluble impurity in a g given substance 

aiumJtES",ade: ed °“ ^ ° f ^ ^ 

untO th?pnH a ?f U S y ent , il .' e1 / j 11 , the liquid phase, at least 

determined d f 1 penod for whlch the lowering of temperature is 

eoo]inJ?Ltm iV fT ll0a f d °1 tem Perature between tlie substance and the 

is mentireH th imCS between which the lowering of the temperature 
equilibrium ’ 1 system of 1,c l lIld and crystals is in thermodynamic 

■ ^ u 6 * liquid-soluble, solid-insoluble impurity forms with the 

fob?Hnn UbS ffi n - Ce tT l rf ! iqU i d phase an ideal solution or a nonideal 
be ap hed UffiClent 7 dllUt ° th&t Gq 1 ( ° r a simpIified form of it) may 

Let N’ ? be the mole fraction of impurity in the original substance, 

2„ the time at which crystallization begins if no undercooling occurs 

(or, it undercooling occurs, the time at which crystallization would 

have begun in the absence of undercooling), z f the time at which 

crystallization of the substance (major component plus impurity) is 

substantially complete (corrected, if necessary, for any significant 

cnange in the head of temperature and for any change in stirring), 

and r the fraction of the substance crystallized. Then, if the heat of 

lusion ot the impurity is substantially the same as that of the major 

component, the mole fraction of solute in the liquid phase at anv 
time £, is 

N 2 =Nl (z,- Zo) / (z f - z) = NIKI - r). (9) 

If the temperatures at the times z 0 and z are those of equilibrium 
between the liquid and crystalline phases and have the values T Zq 

and T z , respectively, then the lowering of temperature, T Z0 — T t} is 

produced by an increase in mole fraction of solute in the liquid phase 
equal to 

N 2 —N m 2 =Nl(z—z Q )Kz f —z)=NZ (10) 

For the investigations carried on in this laboratory (and probably 
in most others), the simplified eq 2 may, with appropriate limitations 
on the values of N 2 and T /o — T z , be applied to determine the value of 


N 2 * 


The following relation holds for the time z 0 : 

Nl(l + 1 /2NI) =A(T /0 - T zq ) 


( 11 ) 


Likewise, at the time z, 

N 2 (1 + 1/2N 2 ) 


A(T /0 -T z ). 


( 12 ) 


Combination of eq 9, 11, and 12, with the elimination of Tf 0 and 

N 2 , yields the following relation for A 7 l, the wanted mole fraction of 
impurity in the original substance: 

1 +V 1 + (t *°~ Tz) ) (w 

T The effect of a difference in heat of fusion between the impurity and the major component is discussed in 
section XIX—4 # 
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For values of r equal to 1/5, 1/4, and 1/3, the corresponding equa¬ 
tions for Nl are as follows: 

For r= 1/5: A r 2 =jj(—l + Vl + 18-d(2’ Z0 T :))■ (14) 

For r=l/4: Ar:=|(-1 +VH-14^(T Z0 -2 Z ))- (15) 

For r=l/3: A T ;==(- 

If, for any given case, the value of 1 /2 A r 2 is small enough in compari¬ 
son with unity to be neglected, then combination of eq 9, 11, and 12 
yields for A 7 J the simple relation 

N' 2 = l -^A(T zo -T z ). (17) 


1 V1 d - 10-A(/’ Zo F 2 ))' (16) 


For values of r equal to 1/5, 1/4, and 1/3, the values of the coefficient 

(1— r)/r are 4, 3, and 2, respectively. , _ , 

When values of N' 2 and T eo are known, the value of T /o , the freezing 

point of the given substance when it contains no impurity, may be 

calculated from eq 11. 

In order to evaluate A T J, it is necessary to determine the times z 0 , z, 
and z f and the temperatures T ZQ and T z corresponding to z 0 and z. 

The three times must be corrected, if necessary, to a constant head of 
temperature, and, if necessary, for any significant change in the rate ol 
introduction of energy by stirring; and the two temperatures must be 
determined from that portion of the freezing curve that corresponds 
to thermodynamic equilibrium between the liquid and crystalline 1 

The determination of the value of T tQ1 which is T/ } has already 


been discussed in the preceding part of this section. 

The time z 0 is the time at which crystallization would have begun 
if no undercooling occurred, and, in figure 1, is the time at which the 
curve EF (representing equilibrium) extrapolates to the proper value, 

TV, of the freezing point of the given substance. 

There is next to be determined the proper final time ol crystalli¬ 
zation. The curve ABCDEFGH in figure 2 represents a time-tem- 
perature curve for a substance containing several mole percent ol 
impurity made up of several components. In this example, the sub¬ 
stance has all just crystallized at the temperature T a . It will be 
noted that, contrary to the simple type of curve obtained with nearly 
pure substances, there is no sharp break to marie the time when all of 
the substance has crystallized. Since the head of temperature, and 
consequently the rate of transfer of heat, is continually decreasing, 
the cooling curve for the solid phase is concave upward, as from G to 
H , and approaches the temperature of the jacket asymptotically, the 
rate of change at any time being proportional to the head of tempera¬ 
ture. 

The curve A'B'EFGH represents the time-temperature curve for 
the same substance under similar conditions, but in the absence of 
undercooling. The curve A'B'I' G'H' represents a hypothetical proc¬ 
ess for the same system under similar conditions in which the crys- 
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talbzation occurs at a constant bead of temperature along the line 
1 , and then the solid phase is cooled along the line I'G'H' Thprp 
is required to be determined the time at /' at which all of the substance 

at°the value H the W of temperature remaSed 

A’IV uetual process with no undercooling, as along the path 
A B EFGH > the subs tance has become all solid at the time t? Now 



TIME 


Figure 2.— Schematic diagram of a time-tem-perature freezing curve. 

The seale of ordinates represents the temperature and the scale of abscissae the time. The diagram 
which illustrates steps in the determination of the final time of freezing and of the equilibrium temnera' 
ture at a selected time, is explained in the text on p. 699-601. ** 


the time from B' to G is longer than the required time from B' to I' 
by the following two amounts: (a) the time from I' to G', which is the 
time required to cool the solid phase from the temperature T r to the 
temperature T a ■; and (b) the time from /' to I, which accounts for the 
lower average head of temperature existing along the path A'B'EFGH 
as compared with the path A'B'I'G'H'. 

The point I' is located as follows: The curved line GII is extrapo¬ 
lated back to its intersection with a horizontal line through B' to 
locate the point I. This extrapolation can be made from the time- 
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temperature plot only if the distance from G to I is small, as in the 
case of a nearly pure substance with a large head of temperature, 
when the line will appear substantially straight. In most cases, 
however, it is necessary to plot the logarithm of the head of tempera¬ 
ture against the time, as in figure 3, in which case the line GH is 
linear and can be readily extrapolated back to locate the point /. 
The points G and I are then located in figure 2 from their values of 
time and temperature as determined in figure 3. The point /' is then 
located on the line B'l by making the area KGNMG' equal to the 
area B'l'KFE or, what is equivalent and simpler, the area I'lXZ 
equal to the area B'lGFE. The lines FG'H' and IGH are parallel 
and represent the same process in the same length of time but occurring 
at different times. That this is the proper location of the point 
may be proved by the same argument as on page 596. Since T Q > 



Figure 3. —Diagram showing the method of plotting a freezing curve to determine 

the total time of freezing. 

The scale of ordinates represents the logarithm of the head of temperature, log ( T—T ,), and the scale of 

abscissae represents the time. See the text on p. 601 for explanation. 


and T 0 are equal and the system is the same in the two cases, then 
the change in heat content along the path B'EFG is the same as alone 
the path B'I'G'. Therefore, 


and hence 


&(area B'l'G'MR) — k (area B'EFGNR) 
area B'EFKI' = area KGNMG'. 


(18) 

(19) 


It can also be shown, by proceeding along the path B'EFG and then 
along the path BTZXIG, that 


area I'IXZ=area, B'lGFE. 


( 20 ) 


practice, the point I' is located directly by making the area 
1 1 xz equal to the area B'lGFE. The time at /' is taken as the value 

, de *; ei yuning z r> the following points may be noted: (a) 
When the head of temperature is large, (T B ■—!)), or IX, will be large, 
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and to balance a given area B'lGFE , /'/may be small; (b) when the 
substance is relatively pure (containing about 0.01 mole fraction or 
less of solute), the area B'lGFE will be small, and the points /' and 
/ will be nearly identical. 

In the case of relatively pure substances and with a large head of 
temperature, a time-temperature curve will be obtained in which a 
simple extrapolation of the final slope to its intersection at the value of 
T, 0 will suffice to determine the value of z f > within the significance of 
the present investigation. 

The value of z r determined in the manner just outlined is subject 
to one further correction, resulting from the fact that the energy of 
stirring was not contributed to the system during all the time Zj> — z 0 , 
but only during the first part of that time (see section III-3). This 
correction is made as follows: 

Let 2 5l s be the time at which the stirrer is stopped. Then the cor¬ 
rection to Zf is simply the number of minutes that would have been 
required for the energy of stirring, oyer the time z r — z ss , to be trans¬ 
ferred to the jacket at the rate at which it was transferred during the 
first part of the freezing experiment. If u is the energy of stirring, 
per unit of time, AH (fusion) is the molal heat of fusion of the substance 
and m and M are its mass and molecular weight, respectively, then the 
rate at which energy is transferred to the jacket during crystallization 
at the initial head of temperature may be taken approximately as 
( mlM)AHfl(Zf — z 0 ). The additional energy that would have had to 
be transferred to the jacket had the stirring continued over the period 
z S s to Zf may be taken as u(z f > — z S s), and the additional time required 
for the transfer of this amount of energy is 



u(Zf'-Zss) (Zf — Zp) 

(jn/M)AlIf 



For example, if u is 0.02 j/sec or 0.3 cal/min, mjM is 1/3 mole, All/ 
is 2,400 cal/mole, z r — z 0 is 100 min, and Zf — z S s is 80 minutes, then the 
time to be added is 3 min, which is a correction of 3 percent. In 
general, this correction to the time of crystallization, because of the 
lack of stirring in the latter part of the experiment, will be significant 
when the time over which the stirrer is not in operation is large, when 
the stirring energy per unit of time is large, and when the total heat of 
fusion of the substance is small. The accuracy of this correction will 
depend largely upon the constancy of the energy of stirring, which 
will be discussed in section III-4. 

In figure 2 on the line B'I' extended, there is located the point I" 
so that the time from /' to I" is equal to Az f or z f > z fy as given by 
eq 21. This point I" corresponds to the final time corrected to the 
head of temperature T z —Tj and corrected for stirring. There now 

remains to be determined T zy the temperature at the time 2 . The time 
2 should be taken as large as possible without going beyond the time at 
which equilibrium exists between the liquid and crystalline phases (see 
point F in fig. 5). Referring to figure 2, there is first located the point 
S on the line B'I" so that B'S is a known fraction of B'I" . From S 
a line is drawn parallel to AB, intersecting EF at S'. The value of 
T z corresponding to the selected time 2 is that at a point S" located 
on the curve EF at a point slightly below S' so that the area B'SS' is 
equal to the area S"S'UV. Except in the case of very impure sub- 
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stances, or, in those cases where the head of temperature is relatively 
small, the area B'SS' will be small and S" will not differ significantly 
from S'. The effect of stirring on the relation between S' and S" is 
the same as that discussed in section II-2 on the relation between 
B and B' in figure 1. 

It should be noted that in the foregoing procedure there is little 
uncertainty in determining the values of z^ and T v Likewise, there is 

little uncertainty in determining the value of T z corresponding to a 
given 2 , once the value of z f is fixed. Therefore, practically all of 
the uncertainty in the estimation of the amount of impurity by this 
method lies in the determination of the proper value of z /, defined as 
the time at which the substance would have been substantiall} 7- all 
crystallized had the rate of crystallization remained constant; that is, 
at its value at the beginning of the freezing period. 

In addition to those factors whose effect upon the rate (and hence 
the total time) of crystallization have been evaluated quantitatively, 
there exist other factors which are not amenable to such evaluation 
and which may contribute important uncertainties in the determina¬ 
tion of the total time, z f — z 0 , as just outlined. Since all except one 
of these factors may be varied in magnitude by appropriate change in 
the experimental apparatus and procedure, they are discussed in 
section 111-4. 

In case the substance is one for which the heat of fusion is not 
known, an estimate of it may be made by a comparison with observa¬ 
tions on a substance whose heat of fusion is known. The procedure 
is as follows (see also [18]): Select a similar substance A , whose heat 
of fusion is known and whose freezing point is within about 20° C of 
that of the substance B, whose heat of fusion is to be estimated. 
Let m Al M a , and (A H f ) A be the mass, molecular weight, and heat of 
fusion of the substance A, and, likewise, m B , M Df and (A H f ) B those 
for the substance B. Perform a complete time-temperature freezing 
experiment on the substance A, and likewise on the substance B y 
using the same volume of substance in each case and the same jacket 
temperature, Tj. From the time-temperature curve for A, determine 
(z/—z 0 ) A , the corrected total time of freezing, and likewise (z f —z 0 ) B 
from the curve for B. From these two experiments, the heat of 
fusion of the unknown substance B may be calculated in two dif¬ 
ferent ways. 

One method utilizes the value of the head of temperature for each 
experiment together with the assumption that the coefficient of heat 
transfer, k , is the same in the two experiments. Then 

(m/M) A (AH/) a= k (z f — z 0 ) a(T 20 — Tj) A , (22) 

and 

(mlM)D(^n f ) B =k(z f —z 0 ) B (T eo —Tj) B . (23) 

On eliminating k there is obtained 


(All,) D = (AH,) a 


(m/Al) A (Zf Zq) b ( T zq Tj) b 
WMY n Xzf-z^A o T Zq -Tj)a 


(24) 
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The heat transfer coefficient will be constant within the required 
limits if the evacuated space of the freezing tube has been sealed off, 
the jacket temperature is made the same for both A and B, and the 
two experiments are performed at not greatly different times. 

The other method utilizes for each experiment the value of the 
effective heat capacity of the system, including C, that of the hydro¬ 
carbon, and c, that of the thermometer, stirrer, and container, together 
with the value of (dT/dz )*, the rate of change of temperature with 
time at the temperature T Zq just before crystallization begins. The 

value of (dT/dz)* is determined from the freezing curve obtained on 
the li unknown,” B. The value of c, the effective heat capacity of 
the container, etc., is determined from complete time-temperature 
freezing curves obtained for substances having known heats of fusion 
and known heat capacities in the liquid state near the freezing point, 
and having freezing points higher and lower than those of the 
“unknowns’’ to be investigated. The relation employed to evaluate 
c at the desired temperatures is 


(m/M) A (A H f ) A r 
(z f — Zq) A (dT/dz)\ A 



The heat of fusion of the “unknown” B is given by the relation 


/a tt \ _(c + C B ) (dT/dzy B (z f —Zo) B 

- wmi - 



The heat capacity of the hydrocarbon B in the liquid state at the given 
temperature may, if not known, be assumed equal to the heat capacity 
of that mass of a hydrocarbon of similar size and type having the same 
volume at room temperature. In an apparatus of the kind described 
in section III—1, the hydrocarbon (50 ml at room temperature) 
contributes about 80 percent of the effective heat capacity of the 
system. Examination of the available data indicates that for the 
hydrocarbons, n-hexane, n-heptane, 2-methylhexane, 2,2,4-trimeth- 
ylpentane, methyl cyclopentane, cyclohexene, methylcyclohexane, 
1,2-dimethyl cyclopentane, and 1,2,4-trimethylbenzene, those masses 
of hydrocarbon which are contained in a volume of 50 ml at 20° C will 
have, in the liquid state, heat capacities ranging as follows: at 0° C, 
15.8 to 18.0 cal/deg; at —50° C, 14.3 to 16.7 cal/deg; at —75° C, 13.9 to 
16.5 cal/deg. The variation between compounds of the same size 
and type is smaller than this. 

If the heat of fusion is known for the substance, B, whose amount 
of impurity is to be determined, and if the coefficient of heat transfer 
is known for the given jacket conditions, the amount of impurity may 
be calculated entirely from the first part of the freezing curve for the 
substance B . The rate at which heat is being removed from the 
substance during crystallization at the temperature T is k (T — 1\), 
and, therefore, the time during which any given fraction, r, of the 
substance will have crystallized is 

r(m/M) B (AH f ) B 
k(T—Tj) B * 


2 — 2 0 


(27) 
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The lowering of the equilibrium temperature from the time Zo to the 
time z gives the value of T* o- T. corresponding to the given value of r, 

from which the amount of impurity may be calculated using eq 13 or 
17. 

Likewise, if the heat of fusion is known for the substance whose 
amount of impurity is to be determined, and if the effective heat 
capacity of the container, etc., is known for the given temperature, the 
amount of impurity may be calculated entirely from the first part of 
the freezing curve for the given substance. In this case, the rate at 
which heat is being removed from the substance during crystallization 
at T tQ is ( c + C B ) ( dT/dzYsy and, therefore, the time during which any 

given fraction, r, of the substance will have crystallized is 

_ _ r(m/M) B (AH f ) B , . 

2 Z °~(c + C B ) 0 iT/dz)\V 

As before, the lowering of the equilibrium temperature from the time 
Zo to the time z gives the value of T Zq — T g corresponding to the given 

value of r, from which the amount of impurity may be calculated 
using eq 13 or 17. 

The foregoing methods of estimating the amount of impurity from a 
partial time-temperature curve 8 may be particularly useful in the case 
of substances (such as the methylcyclohexane described in connection 
with fig. 8) for which no part of the freezing curve represents thermo¬ 
dynamic equilibrium between liquid and solid. In such cases, the 
melting curve may be utilized, operating just as with a freezing curve 
except the reverse in point of time. The value of k must be evaluated 
for the given jacket conditions, and the value of (dT/dz)* must be 
evaluated for the head of temperature corresponding to Tj—T t0 . 

III. EXPERIMENTAL PART 

1. APPARATUS 

A simple form of apparatus for obtaining time-temperature freezing 
and melting curves of the kind discussed in this report is shown in 
figure 4. This is substantially the same apparatus previously de¬ 
scribed by one of the authors (B. J. M. [9]). In figure 4, A is the 
evacuated double-walled flask containing the substance under investi¬ 
gation; B is a larger Dewar flask containing the liquid providing the 
constant temperature cooling or warming jacket; C is the platinum 
resistance thermometer (Leeds & Northrup No. 8163); D is the 
stirrer, made of No. 15 AWG Nichrome wire and operated with a 
reciprocating stroke 5 cm long at a frequency of 85 to 120 strokes 
per minute; E is a cork stopper. Tube A has an inside diameter of 
2.5 cm and a length of 29 cm, and is normally filled to a depth of 
about 11 cm. F is a thin, metal protecting tube. 

With a stirrer which fits the containing tube closely, the accumu¬ 
lation of solid on the walls soon causes labored stirring. For this 
reason, a clearance of 1 to 2 mm is provided between the stirrer, D i 
and the inner walls of tube A. In the case of most hydrocarbons, 
it is possible to stir the substance until the time at which it is from 
one-fourth to one-third crystallized, with the longer times usually 
occurring with the more impure samples. 

• The authors acknowledge the benefits of discussion of these points with C. S. Cragoe of this Bureau. 
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Figure 4. —Schematic diagram of the appa¬ 
ratus used in obtaining time-temperature 
freezing and melting curves. 

See the text on p. 605 for explanation. 


For substances having 
freezing points below room 
temperature, the most readily 
available materials for con¬ 
trolling the temperature of 
the jacket are ice, solid carbon 
dioxide, and liquid air. After 
the refrigerant suitable for the 
experiment in question has 
been selected, the thermal con¬ 
ductivity is adjusted to the 
desired value, as previously 
described [9], by changing the 
degree of evacuation of the 
double-walled tube. This 
tube, which is silvered to 
reduce heat transfer by radia¬ 
tion, is connected to a high- 
vacuum oil pump through a 
ground-glass joint, in place of 
the usual rubber connection. 
In this way, a sufficiently low 
pressure is obtainable within 
a few minutes with a good 
pump. 

The resistance of the plati¬ 
num thermometer is measured 
on a Mueller resistance bridge 
(Leeds & Northrup No. 8067) 
with a sensitivity on the 
galvanometer scale of 1.7 mm 
per 0.001° C. 

With 50 ml of the hydro¬ 
carbon in the apparatus at 
about —80° C, the effective 
heat capacity of the substance 
and container, including ap¬ 
propriate portions of the ther¬ 
mometer and stirrer, is about 
90 j/deg, of which about 70 
percent is due to the hydro¬ 
carbon. 9 With the same 
amount of the same hydrocar¬ 
bon at —80° C, the energy of 
stirring at the rate of 85 
strokes per minute was deter¬ 
mined to be 0.020 ±0.006 
j/sec. 10 Except for small rates 


9 Tho calculation was actually made for 2,2,4-trimethylpentane, but the result will be roughly the same 
for the same volume of any liquid hydrocarbon at this temperature [161. 

10 The energy of stirring was determined by having the substance and container at about the temperature 
of the jacket, taking observations of temperature, with stirring, for a period of 12 to 15 min, stopping the 
stirrer for a known time of 3 to 5 min, again taking observations of temperature, with stirring, for another 
period of 12 to 15 minutes, etc. The cessation of stirring in a given period produces, between the two periods 
adjacent to it, an offset (decrease) of the time-temperature curve with respect to the temperature. Multi¬ 
plication of this lowering of temperature by the heat capacity of the system gives the energy of stirring for 
the given period. 
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of transfer of licat energy to the cooling jacket, stirring energy of this 
magnitude may be considered almost negligible. With 50 ml of the 
hydrocarbon, 2,2,4-trimethylpentane, in the apparatus at about 

— 108° C and with a jacket temperature of —185° C and a conse¬ 
quent head of temperature of 77° C, the rate of transfer of heat energy 
to the jacket was calculated to be 1.2 ±0.2 j/sec, when the Dewar 
flask was evacuated to a point that gave a lowering of 0.8° C/min 
for this system at this head of temperature. In this example, the 
stirring energy is nearly 2 percent of the total energy being trans¬ 
ferred, and may be significant in connection with the determination 
of the total time of freezing (see section II—3). 

2. ATTAINMENT OF EQUILIBRIUM 

In order for the measurement of the temperature in a system of 
liquid and crystals to have thermodynamic significance, it is important 
to know that the system is in the state of thermodynamic equilibrium 
corresponding to that temperature. In figure 5 are shown tln*ee time- 
temperature curves obtained on a solution of 2,2,4-trimethylpentane 
containing 0.0266 mole fraction of solute (methylcy-clohexane), 
using liquid air (temperature about —185° C), in the cooling jacket 
for the freezing curves and solid carbon dioxide (temperature about 

— 80° C) for the melting curve. The tune-temperature freezing curve 
shown in the upper left of the figure was obtained with the stirrer in 
operation up to the time designated by SS, while the stirrer was in 
opeiation throughout the determination of the melting curve shown 
in the upper right of the figure. However, in obtaining the freezing 
curve shown i in the lower left of the figure, stirring v^as stopped at 
the time (designated by SS) shortly before complete recovery from 
undercooling. It w*as pointed out in section II-2 that extrapolation 
of the freezing and melting curves should lead to identical values for 
the freezing point within their respective limits of uncertainty, pro¬ 
vided that equilibrium exists over the portions of the curve used in 
the extrapolation. Since extrapolations of the portions FE and KL 
(obtained w r ith stirring) of the upper freezing and melting curves do 
give substantially the same value for the freezing point (—108.015 
and —108.010° C), it seems reasonable to conclude that over the 
portions FE and KL equilibrium was established (or a uniform 
departure from equilibrium occurred in both the freezing and melting 
experiments in such a way as to make them yield the same value for 
the freezing point on extrapolation). Extrapolation of the lower 
freezing curve, in which stirring was stopped before complete recovery 
from undercooling, yields the value —108.136° C, which is more than 
0.1° C too low, and sliow r s that equilibrium w r as not established over 
the portion of the curve used in this extrapolation. 

Adequate stirring is necessary to establish and maintain equilibrium. 
This is also evident from the upper freezing curve, where there is a 
marked inflection at the point, F, at which time the stirrer stopped. 
In the period FG , during which the stirrer is no longer in operation, 
the temperature as recorded does not correspond to equilibrium for 
the given system of liquid and crystals. This change in slope at or 
preceding the cessation of stirring is characteristic of these curves and 
lias been reported previously [9]. 
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Additional evidence that such a system is substantially in thermo¬ 
dynamic equilibrium over the portions of the curve indicated is pro¬ 
vided in tables 3 and 4. In table 3, accord is shown between the 
experimentally determined freezing points and the values of the 
freezing points calculated from the known values of the mole fraction 
of solute, which indicates that at least the system was in substantial 
equilibrium near the freezing point. In table 4 is recorded the 
agreement between the known mole fraction of impuritj 7 and that 
evaluated from the lowering along the freezing curve. This estab¬ 
lishes that the temperatures along the freezing curves, in the absence 
of compensating errors, were substantially equilibrium temperatures 
within the significance indicated. 

There are some substances whose crystallization behavior is such 
that approach to thermodynamic equilibrium is not normally attained 
in the freezing experiment with stirring. A case of this kind is 
discussed on p. 612. 

3. DETERMINATION OF THE FREEZING POINT 

As mentioned previously, extrapolation of the equilibrium portions 
of the freezing and melting curves should lead to identical values for 
the freezing point of a substance within the respective limits of un¬ 
certainty of the extrapolation. It is advisable, therefore, to check 
the reliability of the freezing point both from the freezing and melting 
curves. In general, the reliability of the value depends upon the ex¬ 
tent of the extrapolation involved, the reliability increasing markedly 
with decrease in the extent of the extrapolation. Usually, as may be 
seen from figures 6 and 7, which are self-explanatory, the freezing 
curve yields the more reliable value of the freezing point for the less 
concentrated solutions, whereas the melting curve yields the more 
reliable value for the more concentrated solutions. In any case, the 
two values of the freezing point determined from the freezing and 
melting curves should be in accord within the limits of uncertainty 
associated with the extrapolation of the respective curves, and a 
“best” value may be obtained by appropriate weighting of these two 
values. 

As pointed out previously, in the case of substances having a sig¬ 
nificant amount of impurity, both the freezing and melting curves 
should be concave downward, and, if the rate of transfer of energy is 
the same in both cases, they should be mirror images of each other. 
If, then, a melting curve is obtained which has no portion concave 
downward, it is certain that equilibrium has not been attained. In 
sucli cases, the experiment should be repeated, with the system con¬ 
taining more of the crystalline phase before melting begins, or with a 
smaller rate of heat transfer, or preferably both, in order to obtain a 
sufficient portion of the melting curve in equilibrium (that is, concave 
downward) to permit reasonably reliable extrapolation of it to the 
liquid line. In the extrapolation of melting curves, one must guard 
against the tendency to consider as equilibrium measurements some 
of the points immediately following the point of inflection, 11 which 
separates the part of the curve that is concave downward (equilibrium) 
from the part concave upward (nonequilibrium), and consequently 

11 This point of inflection in tho melting curve can bo located easily by plotting with the time scale com¬ 
pressed much more than usual. 

315285—41-10 
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to obtain, on extrapolation of tlie melting curve, a value of the freezing 
point higher than the proper one. With these precautions, time- 
temperature freezing and melting curves obtained with the apparatus 



TIME IN MINUTES 

Figure 6.— Time-temperature freezing andjmeliing \curves for two different con - 

centrations of the same solution. 

The scale of ordinates gives the resistance in ohms of the platinum resistance thermometer (0.1 ohm« 
1° C) and the scale of abscissae gives the time in minutes. The upper curves were obtained on a solution of 
2 , 2 , 4 -trimethylpentane containing 0.0266 mole fraction of solute (methylcj r clohexane) and the lower curves 

on the same system with the mole fraction of solute equal to 0.1147. 

and procedure described in this paper, and with substances that 
crystallize normally, will yield values of the freezing point that are in 
accord within about 0.01° C or better. It should be emphasized that 
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the downward concavity is a necessary but not a sufficient criterion of 

equilibrium. f 

In table 2 are presented data showing the effect of heat transfer 

upon the reproducibility of the values of the freezing point obtained 

from freezing curves and of the values obtained from melting curves, 

and the effect upon the degree of accord of the values from the freezing 

curves with those from the melting curves. These data, taken with 

the apparatus described in this paper and with n-dodecane containing 



Figure 7.— Time-temperature freezing and melting curves for determining the 
freezing point of a solution of n-dodecane containing 0.0062 mole fraction of 
solute ( 1, 2 , 4 -trimethylcyclohexane ). 

The scale of ordinates gives the resistance of the platinum thermometer in ohms (0.1 ohm « 1° C). The 
seale of abscissa o gives the time in minutes. The circles about the observed points are drawn with radii 

equal to 0.0005° C. See the text on p. 609. 


0.0012 mole fraction of impurity, show that (a) the value of the 
freezing point obtained from the freezing curves is substantially in¬ 
dependent of the rate of heat transfer for the nearly fourfold increase 
from 0.4 to 1.5° C/min 12 ; (b) the value of the freezing point obtained 
from the melting curves is significantly affected by the rate of heat 
transfer, the value obtained increasing with increase in the rate of 
heat transfer; (c) the most reliable value of the freezing point for this 
nearly pure substance is that obtained from the freezing curves. 


11 See footnote a in table 2. 
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Table 2- 

ffreezing point u eterminea on a Lot oj n-dodecane contdining 
impurity, us obtuined both from freezing and melting curves 


Standards 


■Data showing the effect of the rate of heat transfer on the value of the 
’omt determined on a lot of n-dodecane containing 0.0012 mole fraction of 
as obtained both from freezina and mpltinn r.ur§u>» 


Experiment 


Freezing part 


Melting part 


Rate prior to 
crystalliza¬ 
tion » 


1 

2 

3 

4. 

5. 


° C/min 

1.4 
0.45 

1.5 


Freezing point 
determined 


Rate after 
melting » 


0.4 


° C 

9. 590±0. 001 
9. 589±0.001 
9. 589±0. 001 


° C/min 
0.1 


-9. 590±0.001 


.1 

.25 

.004 


Freezing point 
determined *> 


° C 

9. 582±0.008 


9. 584±0.005 
9. 581±0.008 
9. 587±0.003 


■-—- - — -- :_ ■ _ !_ 

in*thp 1 fi o n id cp ^nof hr.flrn 0f th ? S J- St T is ab . out 10 ,° j /de S (24 cal/deg). Therefore with a hydrocarbon 
svstemnfT°V/ndnJorrncolS 1 crystallization or just after melting, a rate of change of temperature of the 
S k of 1 c ' mm corresponds to a rate of heat transfer of about 100 J/min. 

rcspTctivTf“eziigaVdS C i^^Curves' ° D ' y * hat inV °'' red in «>e equilibrium portion of the 

The freezing curves A and A' in figure 8 illustrate the case in which, 
even for a fairly pure compound (here, methylcyclohexane having an 



TIME IN MINUTES 

Figure 8.— Time-temperature freezing curves illustrating a case of nonequilibrium. 

The scale of ordinates gives the resistance in ohms of the platinum resistance thermometer (0.1 ohm « 
1° C) and the scale of abscissae gives the time in minutes. The two freezing curves were obtained on 
a sample of methylcylcohexane containing about 0.005 mole fraction of impurity. See the text on 
p. 612-13 for explanation. 


impurity of about 0.005 mole fraction), the extent of undercooling, or 
the abnormal crystallizing behavior, or both, is so great as to render 
invalid, as far as thermodynamic equilibrium is concerned, the part of 
the freezing curve that, with stirring, is normally the portion represent¬ 
ing thermodynamic equilibrium. It will be noticed that no portion 
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of these curves is concave downward. Instead, even 70 min after 
the onset of crystallization, the temperature is still rising. The 
curve A' was obtained from an experiment repeating that from which 
curve A was obtained, with the hydrocarbon having been kept at a 
temperature always below —80° C during the intervening period of 1 
day, and with seeding with a cold wire in order to induce crystalliza- 
tion during the freezing period and to reduce the extent of under¬ 
cooling . 13 It will be noticed that the characteristics of this curve are 
no better than those of curve A. The only conclusion which can be 
drawn from such curves is that the freezing point is higher than the 
highest temperature observed after crystallization begins. In such 
cases, the proper value of the freezing point must be determined from 

time-temperature melting curves. . 

In table 3 are presented data showing the results of determinations 
of the values of the freezing point, obtained both from freezing and 
melting curves, for several hydrocarbon systems containing known 
amounts of solute. There are also included in the table values of the 
freezing point calculated for the corresponding ideal solutions by means 
of eq 1. The three substances used as the main components were lots 
of 2,2,4-trimethylpentane, n- dodccane, and toluene. These were 
found to contain impurities in the amount of 0.0018, 0.0012, and 
0.0005 mole fraction, respectively, as determined by the method 
described in section II—3 of this paper. . T-lie freezing points for sam¬ 
ples containing zero mole fraction of impurity were calculated by 
correcting the freezing points determined for these actual samples for 
the lowering caused by the given small amount of impurity, by means 
of eq 1. For the several solutions, the original amount of impurity 
in the main component was included with the amount of known solute 
added to obtain the total concentration of solute. It may be noted 
that the values of the freezing point determined from the freezing 
curves and from the melting curves are in excellent accord, vdiere 
both were determined. Also, the accord of these values with those 
calculated for ideal solutions of the same concentration indicates that, 
over these ranges of concentration, such hydrocarbon systems are sub¬ 
stantially ideal, or are ones in which the fugacity of the solute is pro- 
portional to its mole {ruction. In tliosc culcultitions, tlic following 
auxiliary data were used: for 2,2,4-trimotliylpentane, AH/ 0 2201.6 

cal/mole and AC„=7 A cal/mole, from Pitzer [14]; for n-dodecanc, 
AZ7 /o = 8,743 cal/mole and A C p 13.45 cal/mole, from Huffman, Parks, 

and °Bar'more [11]; for toluene, AH, a = 1,580 cal/mole from Parks and 
Huffman [12], and AC P = 7 cal/mole, estimated; R— 1.98714 cal/deg 
mole and 0° 0 = 273.16° K [13, 20]. 


i* It has been observed by a number of investigators in this and other laboratories that (a) seeding with 
crystals and (b) maintaining the hydrocarbon for an appreciable time at a temperature just below its freezing 
point serve to facilitate the formation of crystals. Sec also [10]. 
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Table 3. Values of the freezing points of known solutions of hydrocarbons, 

determined both from freezing and melting curves 


Solution 


Main component 


Solute added 



2,2,4-Trimethylpentane... 

Do...... 

P°.-.- n-Heptane_ 

Do.....do.. 

P°. Methylcyclohexane 

Do.do. 

Do- do_ 

Do.. ..do... 


rc-Dodecane 


Do. 

Do.- - - 1,2,4-trimethylcyclohex 

ane. 

Do....do..... 


Toluene. 

Do... 

Do.— w-Xylene 


Concentra¬ 
tion of total 
solute 


Mole fraction 
0. 0000 

.0018 

.0113 

.0113 

.0266 

.0266 

.0727 

.1147 


.0012 

.0062 

.0062 

.0000 

.0005 

.0126 


Freezing point of tbe 
solution 


From the From the 
freezing melting 

curve * curve 


°C 

(-107.347) 


Freezing 
point of 
the ideal 
solution 


°C 

(-107.347) 


-107.394 
-107.640 
-107. 643 
-108.015 
— 108.005 
-109.18 
-110.32 


-107.638 

—168.616 


-110. 32 


.0000 (-9.570) 


-9. 589 
-9.679 

-9. 678 

(-94.983) 
-95.005 


-9. 587 
-9. 676 


-107.629 
-107.629 
-108.014 
-108.014 
-109.20 
-110.32 

(-9. 570) 


-9.668 
-9. 668 
(-94. 983) 


-95. 511 


-95.492 


“The values in parentheses for zero mole fraction of impurity were obtained by correcting, with the aid 
of eq 1, the freezing points of the actual samples for the lowering caused by the small amounts of impurity 
they contained. 


4. ESTIMATION OF THE AMOUNT OF IMPURITY 

In the experimental determination of the amount of impurity by 
the procedures outlined in section II-3 and with an apparatus similar 
to that described in section III—1, there exist a number of factors 
whose influence cannot be evaluated quantitatively and which may 
contribute significant uncertainties in the estimation of the amount 
of impurity. These factors include (a) change in volume of the 
substance on crystallization, (b) accumulation of solid substance on 
the walls of the container during crystallization, (c) nonuniformity of 
temperature throughout the substance after cessation of stirring, (d) 
change in the energy of stirring, (e) incomplete crystallization of the 
substance, (f) difference in heat of fusion between the impurity and 
the major component, and (g) inclusion of solute within the crystals 
of the major component. Of these factors, all but (f) are ones whose 
influence may be altered by appropriate change in the experimental 
arrangements. 

The effect of the change in volume of the substance as it passes from 
the liquid to the solid state is to change the rate of heat transfer 
between the container and the jacket. For hydrocarbons, the change 
in volume from liquid to solid is negative, so that the rate of heat 
transfer will decrease as the crystallization proceeds. If that part of 
the wall of the container which is touched by the hydrocarbon has"a 
value for the thermal conductivity approaching zero, the rate'of heat 
transfer across the insulating jacket will be approximately f directly 
proportional to the area touched by the hydrocarbon. On the other 
hand, if the valuejfor the thermal conductivity of’the same part of the 
inner wall of the container^approaches infinity, the change in volume 
of the hydrocarbon will have no effect on the rate^of heat transfer. 
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For most hydrocarbons, the decrease in volume on crystallization is 
about 5 to 10 percent. Assuming the most unfavorable case, where 
the rate of heat transfer will change directly with change m volume, and 
where the change in volume is 10 percent, the effect is to make the 
calculated amount of impurity too large by about 4 percent when 
r [ i _ T z i s measured at one-fourth the total tune of crystallization, 

and about 2K percent when T z — T z is measured at one-half the total 

time. Actually, the error from this source must be less than this 
because the thermal conductivity of the glass wall is several times that 
of the hydrocarbon in either the liquid or solid state. The error from 
this source may be reduced by placing within the freezing tube a close- 
fitting cylindrical tube of high thermal conductance of such length 
that "it extends above the surface of the liquid substance but well 

below the level of the refrigerant , . , 

The effect of the accumulation of solid substance on the walls of the 
container during crystallization, particularly after the cessation of 
stirring, is to decrease the over-all heat-transfer coefficient and hence 
to lengthen the time of crystallization and make the estimated amount 
of impurity too large. However, as already mentioned, a decrease in 
the rate of crystallization of 10 percent from the initial to the filial 
time of crystallization will have a much smaller percentage effect on 
the estimated amount of impurity. If the heat-transfer coefficient of 
the space between the substance and the jacket appioaclics that of the 
hydrocarbon in value, there will be a very significant change in the 
over-all rate of transfer of heat, and hence in the rate of crystalliza¬ 
tion, as the liquid hydrocarbon solidifies. If, however, the heat-ti ans- 
fer coefficient of the space between the substance and the l a c k <A is 
very small in comparison with the heat-transfer coefficient of the hy¬ 
drocarbon, there will be only a very small change in the over-al heat- 
transfer coefficient as the hydrocarbon solidifies and hence only a very- 
small change in the rate of crystallization. The use of an insulating 
snace liavin°- a very small heat-transfer coefficient, as provided by a 
silvered and well-evacuated vacuum flask, will reduce the error from 
this source. That is to say, a given rate of heat transfer between the 
substance and jacket should be obtained by using an insulating 
space with a low heat-transfer coefficient and an appropriate head of 

° Nonunifoi-mity of temperature throughout the substance after 
cessation of stirring during the freezing experiment from which time 
the temperature of that part of the substance around the thcrmometei 
is higher than that at the walls of the container, may influence the 
results in two ways. The correction for changing thermal head 
described in section II-3 is based on an ideal curve in which uniformity 
of temperature within the system is assumed. In the case of nonuni¬ 
formity of temperature within the freezing tube, the rate of transfer of 
energy from the substance as a whole depends on the difference in 
temperature between the inner wall of the tube and the refrigerant 
rather than the difference in temperature between the thermometer 
and the refrigerant. In other words, the area above any actual curve, 
customarily used in correcting for change in thermal head, is not quite 
as large as the corresponding area above an ideal curve. Since the 
total correction for changing thermal head is large only in the case of 
small thermal heads and impure solutions, this part of the effect of 
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nonuniformity of temperature must be practically negligible in almost 
all cases In the extrapolation (described in section II-3) which is 
made to take care of the fact that a portion of the energy transferred 
is used not in the crystallization, but in cooling the solid to the final 
temperature, the assumption of uniformity of temperature is made 
If, as is actually the case, the temperature recorded is higher than the 

lmmf , te n mp f rat ^ rc of j' he . solld . ifc is evident that additional energy has 

recorded temperature. In other words, the value estimated for the 
total time is too long, which yields too large a value for the amount of 
impurity. 1 o reduce the importance of this effect of nonuniformity of 
temperature, the stirrer may be made of a material of high thermal 
conductivity and designed so as to have sufficiently thick vanes 
traversing the substance. Keeping the thermal conductivity of the 
insulating jacket very small in comparison with the thermal conduc- 
tivity of the substance also reduces the magnitude of the effect. 

i o take account of the fact that stirring energy is contributed to the 
substance only during the first part of the crystallization, a correction 
to the time oi ciystallization is described in section II-3. In making 
tins correction, it is assumed that the energy of stirring is constant 
over the time the stirrer is in operation and equal to the value it has 
when the material is all in the liquid state. Since in the actual experi¬ 
ment, the stirrer is operated until one-fifth to one-third of the sub¬ 
stance has crystallized, it is obvious that the presence of the solid 
material will increase the stirring resistance, and hence the rate of 
evolution of energy by stirring will be greater at the time of cessation 
oi stirring than at the time crystallization is just beginning. The 
correction for stirring is, therefore, smaller than it should be. By using 
a stirrer that clears the inner wall of the container by several milli¬ 
meters, and by stopping the stirrer as soon as a sufficient portion of the 
equilibrium freezing curve is obtained, the effect of change in the 
rate of evolution of energy by stirring may be minimized. In the 
experiments described in this paper, the stirring energy is about 2 per¬ 
cent of the total rate of transfer of heat between the substance and the 
jacket during freezing. In general, it is advisable to have the amount 
of stirring great enough to produce thorough mixing of the liquid and 
crystalline phases during the given period, but not so large as to be 
more than several percent of the total rate of transfer of heat. 

Incomplete crystallization of the substance may occur in those cases 
where the impurity consists of one or more components having low 
freezing points, or where the impurity consists of a large number of 
components having freezing points below, or not far above, that of 
the major component, if the observations are not taken well below the 
temperature at which the last of these components of the impurity 
has crystallized out in the form of a eutectic with the major compo¬ 
nent. In such cases, when the amount of impurity is large and when 
the heat of fusion of the major component is small, a significant amount 
of the substance may remain uncrystallized even at temperatures 50° 

C or more below the normal freezing point of the major component. 

The total time of crystallization deduced from such observations will 
be too small, not only because some of the substance has not yet 
crystallized, but also because the slope of the “solid” line will indicate 
a rate of decrease of temperature not quite large enough. To reduce 
this error, which leads to too small a value for the amount of impurity, 
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it is necessary to use a large head of temperature between the sub¬ 
stance and the jacket to permit observations to be taken to tempera¬ 
tures 75° C or more below the freezing point of the major component. 
For substances containing several mole percent of impurity, the fore¬ 
going is likely to be the source of greatest error. 

The effect of a difference in heat of fusion between the impurity 
and the major component is to change the relation between the mole 
fraction of impurity in the liquid phase and the time of crystallization 
as given by eq 9. When the heat of fusion of the impurity is less 
than that of the major component, the observed time of crystalliza¬ 
tion is smaller than it would be with no difference in heat of fusion, 
and the effect is to make the estimated amount of impurity too small! 
When the heat of fusion of the impurity is larger than that of the 
major component, the effect is to make the estimated amount of im- 



Figure 9. —Part of a time-temperature freezing curve illustrating the sensitivity of 

the method. 

The scale of ordinates gives the resistance in ohms of the platinum resistance thermometer (0.1 ohm ^ 1° 
C). The scalo of abscissae gives the time in minutes. These observations were made on a lot of 1,2,3,4- 
tetramethylbenzeno having an amount of imrmrity estimated to bo 0.0000 ±0.0001 mole fraction. The 
circles aro drawn with radii equal to 0.0005° C. 

purity too large. When the amount of impurity is 0.01 mole fraction 
or less, the error from this source is usually negligible. 

The effect of the inclusion of solute within the crystals of the major 
component is to raise the equilibrium portion of the freezing curve 
and consequently to yield too small a value for the amount of impurity. 

The best criterion of the over-all effect of these uncertainties on 
the value of the amount of impurity estimated is that of making ob¬ 
servations on known systems and comparing the estimates of impurity 
with the amounts actually present. The results of such comparisons 
are given in table 4, where the amounts of impurity estimated from 
time-temperature curves in the manner described on pages 599-602 in 
section II—3 are compared with the actual amounts known to be pres¬ 
ent m the given solutions. The six different solutions investigated 
were made from three mam components and four different solutes 
and^the concentrations range from 0.00G2 to 0.1147 mole fraction! 
-Laght different results are listed because two independent time-tem- 
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perature curves were obtained on each of two systems. In seven of 
the experiments, the period of equilibrium extended far enough for the 
fraction crystallized to be taken as one-third, but, in one experiment, 
the period of equilibrium did not extend beyond the time when about 
one-fifth of the material was crystallized. From the results obtained, 
it appears that the amount of impurity can be estimated with an un¬ 
certainty not greater than about 10 percent of itself. 

The sensitivity of this method and procedure for estimating the 
amount of impurity is illustrated by some observations made on 
1,2,3,4-tetramethylbenzene isolated from petroleum [19]. In figure 9 
is shown part of a complete freezing curve obtained with this substance. 
From the indicated lowering of temperature, which was measured 
from the initial time to the time when one-third of the material had 
crystallized, the amount of impurity in the original substance was 
calculated to be 0.00058 ±0.00006 mole fraction, or conservatively, 
0.0006 ±0.0001 mole fraction. 


Table 4. —Summary of the estimates of the amount of impurity ( solute) made on 

systems containing known amounts of impurity ( solute) 


Solution 


Main component 


Solute added 


2,2,4-Trimothylpen- 

tane. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do.- 


n-Dodecane 
Do. 


Toluene 

Do. 


n-Heptane.. 

_do.. 

Methylcyclohexano 

_do. 

_do.. 

_do.. 


1,2.4-Trimetjhylcyclo 

hexane. 


7n-Xylene 


«S 

s ® 
£■£ 

2 o 


^- 

p 

8 

G 

O 

O 


m 

c3 

*-> 

O 


Mole 

frac¬ 

tion 

(0.0018) 

.0113 
.0113 
.0206 
. 0200 
.0727 
.1147 

(. 0012 ) 
.0062 


(.0005) 

.0126 


Estimation of the amount of impurity 


Mean value of the percentage error 


Taking r = l/3 

Taking r = 1/5 

£ 

i 

s 

Ei 

Estimated 
amount of 
solute 

Percentage 
error of the 
estimate 

N 

Eh 

1 

§ 

Eh 

Estimated 
amount of 
solute 

Percentage 
error of the 
estimate 

° c 

a no'j 

Mole 
frac¬ 
tion 
n mi ft 

%of 

known 

amount 

° C 

Mole 

frac¬ 

tion 

%of 

known 

amount 

U. UZo 

U. UUlo 

A 1 1 1 

-1 ft 




• 140 

. Ulll 

Alt'? 

19 




. 147 
.368 
.334 
.977 
1.373 

. 0117 
.0286 
.0261 
.0726 
.0985 

+7.0 

-1.9 

-0.1 

-14.1 

0.174 

.171 

.480 

.695 

.005 

6.0272 
.0268 
.0718 
.1010 

.0012 

+2.3 

+0.8 

-1.2 

-12.0 




.027 

.0068 

+9.7 

ai n 






. UlU 

.246 

• UUud 
A1 Ol 

-4.6 




. Ul/1 





b—(1.6 +5.0) 



b—(0.1 ±7.0) 


-- " ~ 77 77 , ooTT.r.ipq which were used to prepare the various solutions. 

» Values in parentheses refer tothe* the time-temperature cooling curves. 

The impurity was taken as equal to that estimatecuro iatioQ Sce [ 17 j. 

b The uncertainty assigned here is twice the standard 

IV. CONCLUSION 

The following points should be noted in connection with the pro- 
C 1 U Th“tSS?dSribSlo“dSrKS'g the freezing point and 

melting curve, or both, of which, in eac > linuid and 

represents thermodynamic equilibrium bet\ 9 
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crystalline phases. In this connection, the possibility must not be 
overlooked of the existence of a metastable equilibrium between the 
undercooled liquid and a crystal phase different from that which 
exists at the normal freezing point. See, for example, [9, p. 460]. 

2. While the lowering of the freezing point measures only the 
liquid-soluble, solid-insoluble impurity, this will represent substan¬ 
tially all of the impurity for the hydrocarbons obtained from petro¬ 
leum, because the cases in which solid solutions occur in such systems 
are relatively rare. (Sec, for example, the work of Smittenberg, Hoog, 
and Henkes [15], who investigated a number of binary systems of 
such hydrocarbons and reviewed the earlier work in this field.) 
Further, any rational method of purification will leave in a given 
hydrocarbon only impurities that are very much like it in properties, 
and that, hence, will tend to form an ideal solution with it. For 
example, in the hydrocarbons separated from petroleum, the impurities 
most likely to remain in a given compound after purification will be 
aromatic impurities in an aromatic hydrocarbon, naphthenic impuri¬ 
ties in a naphthene hydrocarbon, paraffinic impurities in a paraffin 
hydrocarbon. Less likely will be naphthenic impurities in a paraffin 
hydrocarbon and paraffinic impurities in a naphthene hydrocarbon, 
and least likely will be aromatic impurities in a paraffin or naphthene 
hydrocarbon and paraffinic or naphthenic impurities in an aromatic 
hydrocarbon. 

3. From the data presented in table 4, it appears that estimates of 
the amount of impurity, determined by the procedure discussed in 
this paper, will be uncertain by not more than about 10 percent of the 
amount of impurity, for concentrations from about 0.005 to 0.1 mole 
fraction. For substances containing more than about 0.1 mole 
fraction of impurity, the uncertainty will very likely be greater, but, on 
the other hand, the need for the higher certainty on such very impure 
substances is correspondingly less. For substances containing less 
than about 0.005 mole fraction of impurity, the uncertainty of the 
estimates of impurity may be influenced largely by the precision of the 
measurement of temperature. For example, where the cryoscopic 
constant A is equal to 1/30 and r is equal to 1/4, values of T tQ — T t equal 

to 0.01°, 0.001°, and 0.0001° C correspond to values of N\ equal 
to 0.001, 0.0001, and 0.00001 mole fraction, respectively. With 
hydrocarbons containing small amounts of impurity (about 0.001 mole 
fraction or less), it is usually necessary to have a thermometric 
sensitivity at least as small as 0.001° C, and to plot the appropriate 
part of the freezing curve on an expanded scale of temperature, in 
order to identify the portion of the curve representing thermodynamic 
equilibrium and to determine the lowering for a given fraction crystal¬ 
lized. For such compounds, departure from thermodynamic equilib¬ 
rium during freezing frequently begins even before cessation of 
stirring. 
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